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Abstract

In recent years, a huge success on photovoltaic and light emitting has been achieved in the
field of organic-inorganic hybrid perovskites owing to the superior optoelectronic properties of
excited states. Regulating the primary excited states is the foundation of developing multi-
functional optoelectronics, including the light-emitting, photovoltaic and lasing actions. By
revisiting the photophysical processes of excited states, some new strategies are suggested to
further pushing the efficiency of perovskites forward. This thesis focuses on the manipulation of
excited states through combining optoelectronic devices, from excited states generation to excited

charge carrier transport.

Chapter 1 presents a basic introduction to excited states in semiconductors and some
optoelectronic applications of organic inorganic hybrid perovskites. Chapter 2 demonstrates
charge-transfer excitons in 2D perovskite heterostructures. In this chapter, we first discover
charge-transfer excitons in 2D perovskite heterostructure (PEA2Pbl4/PEA2Snls), which opens up
the potential applications in perovskite LEDs and photodetectors. Chapter 3 reveals doping
enhanced orbit-orbit interaction in Sn based perovskites and Chapter 4 introduces long-order
orbital interaction through slow hot-carrier cooling. In these two chapters, we explore the possible
strategies to increase the population of dark states through orbit-orbit interaction toward highly
efficient quasi-2D perovskite solar cells and lead-free perovskite solar cells. Chapter 5 proposes a
new strategy (uniform permutation of 2D nanoplates) in quasi-2D perovskite films toward efficient
charge collection and Chapter 6 realizes AC electroluminescence in quasi-2D perovskite LEDs. In
these two chapters, we propose a new strategy to facilitate bipolar carrier transport in quasi-2D
perovskite films toward world record high fill factor in quasi-2D perovskite solar cells and efficient

alternating current driven LED. Chapter 7 summarizes the entire studies in this dissertation.



Table of Contents

Chapter 1 INtrodUCTION ....ccccciceeiicissnnicssssanrecssssnecsssssscsssssssssssssssessssssssssssssssssssssssssssssssssssssssssssss 1
1.1 Excited states in organic-inorganic hybrid perovskites ............ccoceevierienciiiniienieeieenieeiens 2
1.1.1 Types Of €XCItEA SALES ......eevieiiieiieiieeiie ettt ettt ettt eiae b e eeebeeseeeees 2
1.1.2 Conversion between bright states and dark states............ccceveveercieeniiencieeeee e, 5
1.1.3 Transport of excited Charge CAITIETS .......cccvveereiiieriiieeciie e eeee e e e 12
1.1.4 Excited states reCOMDINATION ....cc..evuierieriieriiiiiriieieeieste ettt seeens 13
1.2 Perovskite OptoelectroniC dEVICES. .....ccueriieiiiriiieiieiieeiie et eite ettt sate e ebeeseaeeneees 15
1.2.1 SOIAT CRIIS ..ttt ettt ettt be e s 15
1.2.2 Light emitting d1OAES ......ceeouvieiiiieiiieeiie ettt ettt e e e eenaeeseseeeens 19
1.2.3 PROtOAELECTOTS .....eeiineieiieieeteetete ettt sttt ettt sbe et sae et e 22
1.3 DiSSertation OULIINE .......couevuieiiiiiiieierieete ettt sttt sttt sbe et saeens 23
Chapter 2 Establishing charge-transfer excitons in 2D perovskite heterostructures.......... 24
2.1 ADSITACE ..t ettt ettt e b e bt b e et et e e bt e ateeatean 25
2.2 INEEOAUCTION ...ttt ettt ettt et e et e b e e st e bt e s bt e et e ebeesabeenbeenseesarean 25
2.3 Materials and MethOds..........coouiiiiriiiiiiieieeee ettt 27
2.3.1 Materials synthesis and device fabrication ............ccceevieeiienienieeiienie e 27
2.3.2 Fabrications of LED and photodetector. ...........ceccuiieriieeiiiieeiie e 27
2.3.3 Mechanically preparing heteroStruCtures. ..........eeeveeeeieeeciieeriie et 29
2.3.4 Characterizations and MEASUTEIMENES ...........ccueeruerierieriierieeiesieenieetenteeeesieestesieesaeeeens 29
2.4 Results and diSCUSSION ....c..evuviruieiiriieieiiesieet ettt sttt sttt ettt saee e einens 30
2.4.1 CTEs in heterostructured 2D perovskite thin film..........cccoeeiiiniiiiiiieieeeeeee 30
2.4.2 CTEs in double-layered 2D perovskite heterostructures ...........coccveevveeeeveencrieenveeenne, 34
2.4.3 Dynamic analysis of CTES formation............cceeueeiieiienieeiiierieeieeieesee e 36

vi



2.4.4 Heterostructured 2D perovskite photodetectors and LEDs. ........ccccoocvveviiieniieenenee. 38
2.5 SUIMIMIATY ..eeeiiiiieeeeiiiee et ee et e e e et e e e ettt e e e eatteeessnsaeeeasasaeeesasssaeeeansseeeeanssaeesannnsaessnnsseeesnnes 40

Chapter 3 Doping Induced Orbit-orbit Interaction between Excitons while Enhancing

Photovoltaic Performance in Tin Perovskite Solar Cells ........cooeverveicrcerinssercscercscnnccsnrcscnenes 42
Bl ADSITACE ...ttt et ettt ettt et et e bt e e neeeateas 43
3.2 TNITOAUCTION ...ttt ettt et ettt e b e bt e et e bt e e st e e beesaeeenbeenbeesanean 43
3.3 Materials and MethOdS..........couiiiiriiiiiiieiec e 45

3.3.1 Materials and Device fabrication ............ccoeevueriiniiienieieneieceeeeeeee e 45
3.3.2 Characterizations and MeasUIEMENLS ..........cc.eerueeriuirriienieeieenie et eiee e seee e eaens 45
3.4 Results and DISCUSSION ...c.uiiiiiiiiiiieiieeieet ettt ettt ettt ettt e st e s beesaeesaaeeaeens 46
3.5 SUIMIMATY ..ttt ettt e e e ettt e sttt e st e e s it e e sateesabeeesabeesnseesnseeesaseeenns 59

Chapter 4 Slow hot-carrier cooling and long-order orbital interaction enabled by

uniformly arranging different-n-value nanoplates in quasi-2D perovskites.........cccceeercuneeees 61
AT ADSITACE ..ttt ettt e b e bt et e bt e e at e et e e bt e eneeeabeas 62
4.2 TNEEOAUCTION ...ttt ettt b et sttt st b et eeb et eaee bt et e sae et 62
4.3 Materials and MethOds. .........coouiiiiiiiiiiiieieee ettt 63

4.3.1 Materials Processing and Device Fabrication.............ccceeveveeeeiieeiieeniie e 63
4.3.2 Characterizations and MEaSUTEIMENLS ..........cccueeruieruierierieeniienieeieenite e eseeesieeeieeneees 64
4.4 Results and DISCUSSION ..c...eruiiiiriieriiriienieeierieete sttt sttt sttt ettt ettt e s 64
4.5 SUINIMATY ....itieeiiieeeiieestee et e et e e sttt e ettt e ettt e esebee ettt esateeensbeeensteesabeeenaseesnsseesnseeessseessneesnseeenns 71

Chapter 5 Uniform permutation of quasi-2D perovskites by vacuum poling for efficient,

high-fill-factor SOIAr CellS......couuuiiiinirniiinisnriinisnnniissisnnricsssnnecssssnsissssnsssssssssesssssssssssssssssssssssess 74
ST ADSITACE ...ttt ettt b et b et eb e bt et sae e 75
5.2 INEEOAUCTION ...ttt ettt ettt et sa et et e bt et ebe et et e nae e 75
5.3 Materials and Methods. ........couiiuiiiiiiiiie e s 76

vil



5.3.1 Materials Processing and Device Fabrication............ccceeevieieiiincieiniee e 76

5.3.2 Characterizations and MEASUTEIMIENTS ....ceuuumnnneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenaaaeaeeas 77
5.4 RESUILS ANA DISCUSSION .o eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 78
5.5 SUIMIMATY ..ttt ettt ettt e sttt e st ee e s abeesateesasteesabeessbeesnsneesaseeenns 87

Chapter 6 Enabling AC electroluminescence in quasi-2D perovskites by uniformly

arranging different-n-value nanoplates to allow bidirectional charge transport................. 89
0.1 ADSIIACE ...ttt ettt ettt e h bt et b ettt eh e b et nae e 90
0.2 INETOAUCTION .....eeeiieiieiteeee ettt ettt et sttt e bt e bt et sae et et e sae e 90
6.3 Materials and Methods. ........couoiiiiiiiiiiie e s 91

6.3.1 Materials Processing and Device Fabrication............cccceveviereieencieeniee e 91
6.3.2 Characterizations and MEASUTEIMENES ..........cevuerteruirrierierienienieete et eee st eeesiee e eneens 92
6.4 Results and DISCUSSION .....cc.vivuiiiiriiiiirierieetesitete ettt sttt st st 93
0.5 SUMIMATY ...viiiieeeeiieee ettt e e et e e et e e et eeessaaeeeeeaasseeeeansaaeesansseeesannsseessnssseessnnsneeesanns 100

Chapter 7 CONCIUSION cocuuueiiieiisnricsissnricsssssnecssssssresssssssessssssssssssssssssssssssessssssssssssssssssssssssssssssass 101

ReferencCes....couiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiei i ettt eetes i eeaeeaeasaanne 104

N 4 1) 11 126
LSt Of PUDIICATIONS ...ttt ettt et st e st ens 127

T L 129

viii



List of Figures

Figure 1- 1 Schematic diagram of organic inorganic hybrid perovskite with formula of ABX3... 3
Figure 1- 2 Schematic diagram of threefold degenerate triplet states and a singlet state. ............. 7

Figure 1- 3 Schematic diagram to show the orbit-orbit interaction between excitons upon

switching the photoexcitation between linear and circular polarizations. ..........ccccecceveererieneennene 9

Figure 1- 4 SOC induced conversion between triplets J=1 (J.= +1, 0, -1, allowed to recombine)

and singlets J=0 (J-= 0, forbidden to recombine), which is reflected by the magnetic field effects.

Figure 1- 5 Schematic layered structures of 2D perovskite nanoplates with different n values

(N=1, 3, 5 aNd INTINIEE). 1eoviieeiieeciie et e e et e et e e staeesaseeessseeesseeenseeennseeens 14

Figure 1- 6 (a) Schematic device structure of a solar cell. (b) The energy level diagram of a solar
cell and the arrows indicate the transportation of photogenerated carriers. (c) Current-voltage

curve for a solar cell at one sun condition. MMP is maximum power point............cccceeveevenne. 16
Figure 1- 7 The efficiency evolution of perovskite solar cells. Data is replotted from ref. >°..... 18

Figure 1- 8 Energy levels for 2D perovskite with different n values, and the arrows indicates the

direction of charge transfer between different-n-value nanoplates. Figure is adapted from ref. . 20

Figure 1- 9 (a) Schematic device structure of a light emitting diode (LED). (b) The energy level

diagram of a LED device and the arrows indicate the transportation of injected charge carriers.21

Figure 2- 1 Schematic diagram of perovskite film fabrication procedure through one-step spin-

COAtING MELNOM. ...eiiieiiieiii et ettt et e et estt e et e e taesabeenbeesseesnseenseessneenseas 28

Figure 2-2 Optical characteristics of CTEs formation in 2D perovskite heterostructures. (a)
Absorption and PL spectra are shown for 2D perovskite heterostructured
[(PEA2Pbl4)0.999:(PEA2SnI4)0.001] film. The absorption spectrum indicates that the bandgap is
governed by the host (PEA,Pbl4) component in the heterostructures. The PL spectrum is
dominated by a broad emission peaked at 669 nm with a spectral shoulder at 614 nm from the

guest (PEA2Snl4) and the intrinsic emission (peaked at 531 nm) from the host (PEA2Pbls). (b)

X



Normalized PL spectra to show broad light emission peaked at 669 nm for heterostructured
[(PEA2Pbl4)1x:(PEA2Snl4)x] films. (¢) PL spectrum is shown for 2D perovskite heterostructured
[(PEA2Snl4)0.999:(PEA2Pbl4)0.001] film after switching host and guest components. The broad
emission is observed with the peak position at 697 nm, in addition to intrinsic emission (peaked
at 524 nm and 627 nm) from host (PEA2Pbl4) and guest (PEA2Snl4) components. The PL spectra
for pristine PEA,Pbl4 and PEA,Snl4 films are also shown as reference. (d) Schematic diagram
illustrates the formation of CTEs at the interfaces between PEA>Pbls and PEA>Snl4 components
in 2D perovskite heterostructures [(PEA2PbI4)1x:(PEA2SNL4)x]. coovieiieeiiiiieieeeeeeee 31

Figure 2- 3 PL characteristics for 2D perovskite heterostructured
[(PEA2Pbl4)0.999:(PEA2SnI4)0.001] film. (a) Normalized PL spectra at different excitation
intensities ranging from 5 pW/cm? to 94 mW/cm?. (b) PL-excitation intensity dependences for
broad emission (peaked at 669 nm) as compared to intrinsic emission (524 nm) from host
(PEA2Pbl4). (c) PL lifetime results for broad emission (peaked at 669 nm) in 2D perovskite
heterostructures and intrinsic emission (peaked at 524 nm, and 621 nm) from host (PEA2Pbl4)

and gUESt (PEAXSNLL). c.cooiiiiiiee e ettt et e ennas 33

Figure 2- 4 Hand-finger pressing method to confirm CTEs formation in 2D perovskite
heterostructures. (a) Schematic diagram illustrates that show PEA,Snl4 film is shearing-away on
PEAPDI4 film surface to prepare double-layered [PEA,Pbls/PEA>Snl4] heterointerfaces. (b) PL
spectrum was measured for double-layered [PEA>Pbls/PEA>Snl4] heterointerfaces. The broad
emission is shown as an extended spectral tail in addition to intrinsic emission (530 nm and
637.5 nm) from PEA>Pbls and PEA,Snls components. The dashed lines are shown for three
spectral components from PEA>Pbls component, PEA>Snl4+ component, and

[PEA2PbI4/PEA2SnI4] heterointerfaces. ... .ccuieiuiieiieiieiiiciieie ettt 35

Figure 2- 5 Transient absorption (TA) characteristics for 2D perovskite heterostructures and
PEALPDls. (a) TA spectra for 2D perovskite heterostructured [(PEA2Pbls)o.95:(PEA2Snl4)0.05]
film. (b) TA spectra for pristine PEA>Pbls film. (¢) TA dynamics plotted for band-to-band
transition (513.8 nm), surface excitons (537.5 nm) and broad emission (657.3 nm) in 2D

PETOVSKILE NETETOSIIUCTUIES. ....ieutiiiiieiiieiieeie ettt ettt ettt e et e st e e beesteesabeenbeessaeenseenseennns 37

Figure 2- 6 Device performance of photodetectors and LEDs for 2D perovskite heterostructures.

(a) The ON-OFF behaviors of heterostructured 2D perovskite [(PEA2Pbl4)o.95:(PEA2Snl4)0.05]



photodetector (red) as compared to pure PEA>Pbl4 (black) and PEA>Snl4 (blue) devices when
exciting at 640 nm (1000 mW/cm?). (b) Absorption spectra of two films. (c) EL spectrum
containing broad CTEs emission and host emission. (d) Current density-voltage-EL curve of

doped device. The device structure is shown as the inSet..........ccccevvvieriirciiiiienieeieeeee e, 39

Figure 3- 1 Orbit-orbit interaction in FASnI>Br perovskites. (a) Schematic diagram to show the
orbit-orbit interaction between excitons upon switching the photoexcitation between linear and
circular polarizations (b) Photocurrent change of devices without and with SnF; doping by
switching between linear and circular polarized photoexcitations (405 nm) at identical intensity

(TA8 IIW/CIN?).....eeeeeeeeee ettt ettt s s aee e eaes 47

Figure 3- 2 Normalized magneto-photocurrents curves. The internal magnetic parameter Bo was

derived from Lorentizan function in Sn based perovskite solar cells with or without doping. .... 50

Figure 3- 3 Current-voltage characteristics measured under 1 sun condition FASnI>Br perovskite
solar cells ([ITO/PEDOT:PSS/FASnbBr/PCs1BM/PEI/Ag]) with different doping concentration
OF SIF 2. ettt ettt sttt et 51

Figure 3- 4 Photovoltaic performance of Sn perovskites with and without SnF» doping. (a)
Current-voltage characteristics measured under 1 sun condition for Sn solar cell

[ITO/PEDOT:PSS/FASnL:Br/PCs1BM/PEI/Ag]. (b) EQE spectra..........cccooeeniiiiieniiiiiiienee 53

Figure 3- 5 Reduced defect density through SnF, doping. (a) Density of trap states (tDOS)
deduced from C-f and C-V data at room temperature for doped and undoped devices. (b) Time-
resolved photoluminescence characteristics of FASnI>Br films with and without SnF»> doping and
the solid lines are obtained by fitting the decay traces with a bi-exponential law. The fitted data

are shown 1N Table 3-3. ..ottt 56
Figure 3- 6 Schematic drawing to show the doping effects on orbit-orbit interaction. ............... 58

Figure 4- 1 Schematic diagram and optical characteristics of quasi-2D perovskite solar cells with
uniformly dispersed nanoplates. (a) Spatial arrangement of uniform dispersed nanoplates. (b)

Current-voltage characteristics for device with uniformly distributed nanoplates........................ 65

Figure 4- 2 Transient absorption (TA) spectra for quasi-2D perovskite (PEA2MA4Pbsli6) films
with ordered and uniform distributed nanoplates. (a) TA spectra with delay time between 0.5-10

ps for films with uniformly distributed nanoplates. (b) TA spectra with delay time between 10-

X1



1000 ps for films with uniformly distributed nanoplates. (¢) Dynamical changes of photoexcited
carrier energy as a function of delay time for films of perovskite only (black), perovskite/PTAA

(red) and perovskite/PCeiBM (DIUC). .......cecuiiriiiiiieiieeie ettt 67

Figure 4- 3 Polarons enable slow cooling with lower transport barriers due to spatially extended
wavefunctions within local lattice as compared to electrons with fast cooling and higher transport

barriers due to 10CalIZEAd WaAVETUNCIONS. ...eevrneee ettt e e e e e e e e e e e e e eeaeeaaens 69

Figure 4- 4 Photocurrent change (AJsc) measured by switching photoexcitation from linear to
circular polarization and principle diagrams to show long-order orbital interaction. (a) -AJsc
observed from device prepared with uniformly distributed nanoplates to indicate long-order
orbit-orbit Coulomb interaction. (b) Short-order orbital interactions between magnetic dipoles
under circular photoexcitation. (c) Long-order orbital interactions between polarizations under

JINEAT PROTOCXCIEALION. ...euviieiiieeiiee ettt e et e eetee et et e e et e et eeeteeessbeeessseeessaeesaseeessseeesseesnseeennseeens 70

Figure 4- 5 J-V curves at different light illumination intensities from 1 sun to 0.1 Sun conditions

for devices with Uniform diSPerSION. .......cc.eeiiiiiiieriieiieiieeie ettt et 72

Figure 5- 1 Schematic diagram of film fabrication procedure and tape peeling-based
photoluminescence (PL) characterizations of quasi-2D perovskite films prepared with and
without vacuum poling treatment. (a) Schematic diagram to show processing methods with and
without vacuum poling treatment to prepare quasi-2D perovskite films. (b) Schematic drawing to
illustrate our tape-peeling method, to mechanically detach monolayers from quasi-2D perovskite
films, while subsequently measuring PL spectra. (¢) PL spectra measured before and after
peeling for <n>=5 quasi-2D perovskite films prepared with and without vacuum poling
treatment. (d), (¢) Schematic diagram to indicate uniform (d) and ordered (e) formation of
different-n-value nanoplates in quasi-2D perovskite films prepared with and without vacuum

Jo0] R 8 Yo n (T 1800 L) 1| USRS 79

Figure 5- 2 Absorption and photoluminescence (PL) results of films (<n>=5) right after different
vacuum-poling-treated times before thermal annealing. (a) Absorption evolution induced by
vacuum poling treatment and thermal annealing. With nucleation prior to full crystallization, the
absorbance remains very low before annealing. After annealing, absorption become increased,
showing full crystallization. (b) Normalized PL spectra of films after different vacuum-poling-

treated times. There is a red shift as vacuum-poling-treatment time increases, indicating the

xii



further formation of large-n-value nanoplates. (c) Spectral width (FWHM) of films as a function
of vacuum-poling-treated time. All the vacuum-poling-treated films without annealing show
broader spectral width than annealed film due to inhomogeneous disorder from insufficient
crystallization. (d) Transient PL results of perovskite films before (black curve) and after (red
curve) annealing. After fully crystallization, the annealed film (red recurve) shows much longer

LEEEEIIMIE. <. oo e e e ettt 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 eaeeee e e e e e aaaeeeaeaernaas 80

Figure 5- 3 Transient absorption (TA) spectra at different delay times (-10 ps, 1 ps, 2ps, Sps, 10
ps, 20 ps, 50 ps, 100 ps) and dynamics of quasi-2D perovskite (<n>=5) films when exciting
through top (upper figures of a and b) and bottom (down figures of a and b). The wavelengths at
534 nm, 567 nm, 609 nm and 724 nm (750 nm) Correspond to Signals from Small-n-value to
Largest-n-value Nanoplates. (a) With vacuum poling treatment. TA spectra are similar when
exciting through top (upper figure) and bottom (down figure), indicating the uniform distribution
of nanoplates. (b) Without vacuum poling treatment. TA spectra are quite different when
exciting through top (upper figure) and bottom (down figure), indicating order dispersion of
nanoplates. (c) <n>=5 film with vacuum poling treatment shows positive transient absorption
signals at small-n-value nanoplates and fast (within 10 ps) increased negative signal at 724 nm
(corresponding to largest-n-value nanoplates). (d) <n>=5 film without vacuum poling treatment
shows both positive (at 534 nm) and negative (at 567 nm and 609 nm) transient absorption
signals at small-n-value nanoplates and slow (~ 600 ps) negative signal at 750 nm

(corresponding to largest-n-value nanoplates).........ccocueevuierierieeiiienieeie et 82

Figure 5- 4 PL Characterizations and dynamics for quasi-2D perovskite films prepared with and
without vacuum poling treatment. (a), (b) PL spectra for quasi-2D perovskite films prepared with
and without vacuum poling treatment. (c¢) PL-excitation intensity dependences for emission
peaks < 710 nm related to small n-value nanoplates prepared with and without vacuum poling
treatment. (d) PL-excitation intensity dependences (at 750 nm) for largest n-value nanoplates
prepared with and without vacuum poling treatment. (e), (f) PL dynamics for quasi-2D
perovskite films prepared with and without vacuum poling treatment. Sample structure:
ITO/PEDOT:PSS/Perovskite. Excitation: 346 nm pulse laser (pulse width of 290 fs) with
INEENSIEY OF 5 LW 1ottt ettt et e et e et e saaeenbeessaeenbeenseennnas 84

Xiii



Figure 5- 5 Characterizations and schematic diagram of quasi-2D perovskite solar cells prepared
with/without vacuum poling treatment. (a) I-V characteristics measured under 1 Sun illumination
in quasi-2D perovskite solar cells prepared with vacuum poling treatment (PTAA used as hole
transport layer (HTL)). (b) Photovoltaic performance (FF and PCE) of our device as compared
with published PEA™ and BA" based quasi-2D perovskite solar cells. Our vacuum poling
treatment leads to extremely high FF and PCE. (c¢) Device stability test of quasi-2D perovskite
device prepared with vacuum poling treatment (HTL: PTAA) under various conditions. Upper
figure: operational stability under continuous one-sun illumination; Middle figure: thermal
stability at 80 °C; Down figure: Over half a year long term stability in glovebox. (d) Statistics
data of photovoltaic performance of quasi-2D perovskite solar cells with three different designs:
without vacuum poling on PEDOT:PSS, with vacuum poling on PEDOT:PSS and with vacuum
poling on PTAA. (e) Schematic diagram to show isotropic carrier extraction from small-n-value
nanoplates directly to largest-n-value nanoplates functioning as transport high-way (shown in
brown color) under uniform dispersion of different-n-value nanoplates. (f) Schematic diagram to
show less efficient and prolonged carrier extraction length from n=1 to n=2, n=3, n=4, n=5
nanoplates through cascade process under ordered dispersion of different-n-value nanoplates.
Blue and green area: small-n-value nanoplates, yellow and orange area: medium-n-value

nanoplates, brown area: largest-n-value nanoplates. ...........cccceeevveeriiieencieeniee e 86

Figure 6- 1 Quasi-2D perovskite LEDs towards realizing both forward and reverse EL. (a)
Quasi-2D perovskite LEDs based on device architecture of ITO/PE/PEDOT:PSS/PEA>MA,.
1Pbnlan+1/P3HT/PEI/Ag. (b) GIWAXS map for uniformly dispersed quasi-2D perovskite film of
<n>=35. (c) TA spectra for uniformly dispersed film of <n>=5 at different delay times with
feature peaks corresponding to different-n-value nanoplates marked with dashed black lines: 530

nm (n=1), 564.6 nm (n=2), 603.8 nm (n=3), 639.3 nm (n =4), 668.8 nm and 726.7 nm (n=5). (d)

PL spectra for uniformly dispersed film of <n>=5 (with 405 nm laser excitation at power
intensity of 68 mW/cm?). Feature peaks corresponding to different-n-value nanoplates are

observed: 527 nm (n=1), 568.8 nm (n=2), 613.7 (n=3), 645 (n=4) and 744.1 nm (n=5). (¢) TA

spectra of uniformly dispersed film of <n>=5 at delay time from 0 to 10 ps......ccceevvcrvverreennneen. 94

X1V



Figure 6- 2 Band diagram to enable AC EL in quasi-2D perovskite LEDs with uniform

dispersion of different-n-value nanoplates. (a) Before contact. (b) Forward bias. (c) Reverse bias.

Figure 6- 3 EL Characteristics in quasi-2D perovskite LEDs under forward and reverse biases.
(a) Current-voltage-EL characteristics. (b) EL spectra under forward (+1.8 V) and reverse (-1.8
V) biases. Dashed line: PL spectrum. Inset: photograph of device operated under -1.8 V to show
strong EL. (¢) EQE characteristics at forward and reverse injection currents. (d) Operational
stability is shown with Tso = 11 hours for AC bias (+2 V/-2 V at 50 Hz, red curve) and Tso = 3.9
hours for DC bias (+2 V at 50 Hz, bIUE CUIVE).......cccuviiiiieeiiiecie et 98

Figure 6- 4 EL profile of quasi-2D perovskite LEDs under forward (4.5V) and reverse (-3.5V)
square-wave biases at different frequencies. (a) f =1 Hz. (b) f=20 Hz. (¢) f=50 Hz. (d) f= 100
= 2SS 99

XV



Chapter 1 Introduction



1.1 Excited states in organic-inorganic hybrid perovskites

An excited state is a quantum state in which the energy of the system is higher than that of
the ground state. It can be generated through optical excitation, electrical injection and thermal
activation. In view of semiconductor materials, the optoelectronic behaviors of excited states are
attributed to the behaviors of excited charge carriers and electron-hole pairs. Here, excited charge
carriers can lead to electrical current and the recombination of electron-hole pairs can lead to
luminescence. Therefore, regulating the primary excited states is the foundation of developing
multi-functional optoelectronics, including the light-emitting, photovoltaic and lasing actions in

both organic and inorganic semiconductors.

The behaviors of excited states are determined by various optoelectronic properties of the
material, such as absorption coefficient, exciton binding energy, carrier lifetime and carrier
mobility. These parameters are the basis in the material’s evaluation for potential optoelectronic
applications. Among the various materials toward advanced optoelectronic devices, the organic
inorganic hybrid perovskites have exhibited great advantages including tunable bandgap from 1.2
to over 3 eV !'*, adjustable exciton binding energy >, long carrier diffusion length over 1 pm 7%,
large light absorption coefficient ~10° cm ™! >!°, To note that, organic inorganic hybrid perovskites
refer to a large family of crystalline materials with structures similar to that of the natural mineral
calcium titanate, which was discovered by Gustav Rose in 1839 and named after Russian
mineralogist Lev Perovski. As shown in Figure 1-1, the organic-inorganic hybrid three-
dimensional (3D) perovskites can be described with a formula of ABX3 !', where A is a
monovalent cation, B is a divalent metal cation, and X is a halogen anion that bonds with metal
cations, forming corner-sharing [BX¢]* octahedra cavities embedding the A cations. Through

compositional engineering, low-dimensional perovskites 213

are accessible, which largely
broadens the superior optoelectronic properties and results in interesting phenomena regarding

excited states such as categories, conversion, transport and recombination.

1.1.1 Types of excited states

The excited states in semiconductors can be generated in various forms including bound
electron-hole pair (exciton), charge transfer state, exciplex and polaron pair. In semiconductors,

light absorption or electrically injection can excite the ground state electron in the valance band
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Figure 1- 1 Schematic diagram of organic inorganic hybrid perovskite with formula of ABXG.



maximum (VBM) or highest occupied molecular orbital (HOMO) into a high energy state in
conduction band minimum (CBM) or lowest unoccupied molecular orbital (LUMO), then a hole
is left in the VBM or HOMO, resulting in a Coulomb-bound electron-hole pair (exciton).
According to their binding energy and radius, excitons can be divided into two types: Wannier-
Mott excitons and Frenkel excitons. Wannier-Mott excitons has a typical binding energy on the
order of 0.01 V and a Bohr radius larger than the lattice spacing, thus they are known as large
excitons of loosely bound electron-hole pairs, which usually form in semiconductors with large
dielectric constants. The weakly bound Wannier-Mott excitons can easily dissociate into excited
charge carriers for conduction. Whereas, Frenkel exciton has a typical binding energy on the order
of 0.1 to 1 eV and a Bohr radius on the order of lattice size, thus they known as highly localized
excitons of tightly bound electron-hole pairs, which usually form in organic semiconductors

having small dielectric constants.

Charge transfer state is formed when a charge transfer process is occurred with the
consequence of forming electron-hole pairs between two adjacent structures with different electron
negativities and local energies. Charge transfer state is an intermediate case between Wannier-
Mott excitons and Frenkel excitons, and it can be classified as intermolecular charge transfer state
when the electron and hole separately occupy two adjacent molecules, and as intramolecular
charge transfer state when electron and hole occupy a single molecule. In organic solar cells,
charge transfer states play essential roles as they can easily dissociate at the p-n junction toward
photocurrent generation. Besides, when the charge transfer at the interface is enhanced by orbital
overlap, charge transfer state can also be observed in heterojunctions between 2D perovskite
(BA2Pbls) and organic semiconductor 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HTCN)
with strong electron negativity 4. According to their ability to dissociate electron-hole pairs, the
establishment of charge transfer state in perovskite: perovskite heterostructure is the vital key to

explore the new opportunities of optoelectronics.

Exciplex is simply an intermolecular exciton that sits at the interface of donor: acceptor
complexes. The formation of exciplex is a bimolecular process where a ground state is first
electronically excited, then the excited species undergoes complex formation through Columbic
attraction with another ground state molecule, leading to a partial charge transfer from the donor-

based orbital to the acceptor-based orbital. The exciplex has a minimum in the potential energy



surface as compared with the exciton the bulk. Therefore, the radiative emission of exciplex has
relatively lower energy or is slightly redshifted. The exciplex can also be stabilized by the surface

states, leading to a prolonged lifetime comparing with the bulk exciton '°.

Owing to the less rigid nature of organic materials than inorganics, the charge carrier
(electron or hole) onto certain molecular chain can deform the whole molecule, which results in a
quasi-particle (carrier together with distortion of its surroundings) called a polaron. Hence, charge
transport through polaron becomes more difficult due to the distortion. When an electron polaron
and a hole polaron are bounded on two adjacent chains, a polaron pair can be formed with relatively
weak Coulomb attraction. Usually, polaron pair can either relax to form tightly bounded state with

lower energy called an exciplex or dissociate into a pair of free polarons.

1.1.2 Conversion between bright states and dark states

In organics, the total angular momentum (J) is equal to the spin angular momentum (S) as
the attribution from orbital momentum (L) is very weak. According to the spin configuration, the
excited states in organic materials can be categorized into spin singlet (S = 0, ms = 0) and spin
triplet (S =1, mg= 1, -1 ,0), where S is the spin angular momentum and ms is the z projection of
spin angular momentum. With optical excitation, only spin singlet can be formed due to the spin
conservation. With electrical excitation, the electrons and holes are injected with random spins,
and through random capture process based on the spin statistics '®!7, the spin singlet and spin

triplet are formed with a ratio of 1:3 as shown in equation (1).

etebsntnlotetndalelnteletnteleind
4 4 4 4
1 1 1 1
—>Z(‘e Lh T>—‘eT h J«>)+Z(‘e Lh T>+‘eT h ~L>)+Z‘6T h T>+Z‘e¢ h ~L>
1 1 1 1
_)ZSm=O +ZTm=0 +ZTm=1 +ZTm=—1 (1)
Conversely, different from organic materials, organic inorganic hybrid perovskites possess
both nonnegligible orbital (L) and spin (§) angular momentums, thus the total momentum J =L +

S, and the total momentum J becomes the critical quantum number to describe the multiple states.

For a single electron, its orbital angular momentum is Z, = 1 and its spin angular momentum is s.



= 1/2, leading to a total angular momentum j. = l. + s.. The j. can have the value of 1/2 or 3/2, as
the j. = 3/2 is on high energy level and out of reach, thus the total angular momentum for a single
electron is j.= 1/2. Similarly, the total angular momentum for a single hole is j»= 1/2. In terms of

total angular momentum J for an exciton in hybrid perovskite J = j. + j.

Therefore, the exciton in organic inorganic hybrid perovskite can be classified as singlet

state J = 0 (J. = 0) and triplet state J=1 (J. = -1, 1, 0), as shown in the equation (2) and (3) '*:
Triplet J =1 states (J;=-1, 0, +1)

|Lp1,—1> = |U>e|1’)h

1
[Wio) = —=[1V)elMn + [Meli)n]

V2

[¥1,41) = [Mel T 2)
Singlet J=0 state (J:= 0)

[Po,0) = Z5 (1) D = IMelLhn] 3)

The schematic diagram of threefold degenerate triplet states and a singlet state is shown in
Figure 1-2. Due to spin selection rule, the triplet states J=1 (J-=+1, 0, -1) are allowed to recombine,
and the singlet state J= 0 (J;= 0) is forbidden to recombine '®. Therefore, triplets and singlets
become bright and dark states, respectively. It is proven that the population between bright and
dark states can be tuned through exciton-exciton interaction or spin-orbital coupling, which may

cause a change on photocurrent in perovskite solar cells ',

Specifically, the exciton-exciton interaction can occur through the interaction between
orbital magnetic dipoles, leading to more optically generated bright states (spin-allowed to
recombine) converted to dark states (spin-forbidden to recombine). Therefore, stronger exciton-
exciton interaction will lead to more dark states, resulting in increased Jsc. On the other hand, the
hybrid perovskites possess a strong interaction between electrical and spin polarizations to
demonstrate an electrical-magnetic coupling phenomenon 2!"?°. Essentially, the orbit-orbit
interaction between excitons can occur through orbital magnetic dipoles or orbital polarizations,
forming short-range and long-range orbit-orbit interactions between excitons 2°. Tuning the orbit-

orbit interaction plays an important role in determining the conversion from bright states to dark
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Figure 1- 2 Schematic diagram of threefold degenerate triplet states and a singlet state.




states, which is available to develop photovoltaic actions. The orbit-orbit interaction between
excitons can be identified by monitoring the change of photocurrent (AJsc) while switching the
photoexcitation between linear and circular polarizations. Figure 1-3 shows the experimental
principle to identify the orbit-orbit interaction between excitons upon switching the
photoexcitation between linear and circular polarizations. Circularly and linearly polarized
photoexciations generate excitons with same-directional and opposite-directional orbital magnetic
dipoles, respectively. If the exciton-exciton interaction is not occurred through orbit-orbit
interaction, linearly and circularly polarized photoexcitations with identical intensity would
generate same photocurrents because of same density of optically generated excitons. If the
exciton-exciton interaction is occurred through orbit-orbit interaction, linearly and circularly
polarized photoexcitations with identical intensity can then generate different photocurrents,

leading to a AJsc phenomenon.

We should note that the orbit-orbit interaction between excitons can occur through orbital
magnetic dipoles (upward pixel in Figure 1-3) or orbital polarizations (downward pixel in Figure
1-3). When orbital magnetic dipoles dominate the orbit-orbit interaction between excitons, same-
directional and opposite directional orbital magnetic dipoles generated by circularly and linearly
polarized photoexcitations correspond to stronger and weaker spin-orbital coupling, respectively.
Because spin-orbital coupling can serve as the underlying mechanism to flip spins to convert
optically generate bright states into dark states 2*?7. Circularly/linearly polarized photoexcitation
can then generate larger/smaller photocurrent, presenting a +AJsc when switching the
photoexcitation from linear to circular polarization. When orbital polarizations dominate the orbit-
orbit interaction between excitons, the parallel and antiparallel orbital polarizations can be
established by the same-directional and opposite-directional orbital magnetic dipoles, causing less
and more dissociation due to dipole-dipole interaction. This leads to a -AJsc when switching the
photoexcitation from linear to circular polarization at the situation where orbital polarizations
dominate the orbit-orbit interaction between excitons. Therefore, monitoring the AJsc provides a
unique experimental method to explore the orbit-orbit interaction between excitons in hybrid

1928 is established when the optically-

perovskites. We should point out that the AJsc phenomenon
induced orbit-orbit interaction can compete with the intrinsic orbit-orbit interaction already-existed

before photoexcitation. If the optically-induced orbit-orbit interaction is much weaker than



Figure 1- 3 Schematic diagram to show the orbit-orbit interaction between excitons upon

switching the photoexcitation between linear and circular polarizations.



intrinsic orbit-orbit interaction, AJsc become negligible. Clearly, larger/smaller AJsc corresponds

to weaker/stronger intrinsic orbit-orbit interaction.

Magnetic field effects are measured by monitoring the signal intensity such as photocurrent
or photoluminescence as a function of magnetic field, leading to magneto-photocurrent or
magneto-photoluminescence phenomenon. The amplitude of magnetic field effects is given by the

relative change in signal amplitude:

Sp—So
So

MFE = x 100% “4)

where Sp and So are the signal intensities with and without an applied magnetic field. Essentially,
magnetic field effects are established when an external magnetic field competes intrinsic spin-
orbital coupling toward controlling intersystem crossing between optically generated bright states
to dark states 2°, as schematically illustrated in Figure 1-4. If an external magnetic field is not able
to compete with intrinsic spin-orbital coupling, it is difficult to change the population between
bright states and dark states thus the magnetic field effects become negligible. If an external
magnetic field is able to compete with intrinsic spin-orbital coupling, it is possible to change the
ratio of bright states and dark states, leading to a magnetic field effect. Therefore, magnetic field
effect can reflect intrinsic spin-orbital coupling characteristics. Here, the line-shape of magneto-
Jsc characterized by internal magnetic parameter (Bo) can be used to estimate the intrinsic spin-
orbital coupling. Large/small internal magnetic parameter provides high/low resistance for
magnetic field to change the intersystem crossing. Therefore, when the intersystem crossing
becomes higher/lower, it is more difficult/easier to disturb the equilibrium between optically
generated bright states to dark states, broadening/narrowing the line-shape in magnetic field effect

characteristics.

Regulating the conversion between dark and bright states is a vital key to directly influence
the dynamics of excited states, as dark states are spin forbidden to recombine toward develop
photocurrent actions whereas the bright states are spin allowed to recombine toward develop
photoluminescence action. The conversion can occur between dark and bright states under the
influence of exciton-exciton interaction through orbitals and spin-orbital coupling, leading to
conversion-dependent optoelectronic functionalities. Therefore, understanding the exciton orbital-

orbital interactions and spin-orbital coupling is a fundamentally important issue towards
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Figure 1- 4 SOC induced conversion between triplets J=1 (J.-= +1, 0, -1, allowed to recombine)

and singlets J=0 (J-= 0, forbidden to recombine), which is reflected by the magnetic field effects.
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controlling the optoelectronic performance such as photovoltaics and light emission in perovskite

devices.

1.1.3 Transport of excited charge carriers

In semiconductors, the optically generated excitons can dissociate into excited charge
carriers, where the excited electrons locate at the conduction band minimum or lowest unoccupied
molecular orbital and the excited holes locate at the valance band maximum or highest occupied
molecular orbital. These excited charge carriers (excited electrons and holes) are free to move,
resulting in electrical conducting current. Besides, the free excited carries can also be directly
generated through electrical injection from the electrodes. The motion of the excited charge
carriers through drift driven by electrical field and diffusion driven by the gradient of carrier
concentration is the basis of transport of excited charge carriers. In solid state physics, carrier
mobility is used to evaluate how quickly a charge carrier can move within the material under an
electric field. The magnitude of carrier mobility is the intrinsic property of materials, which can

be influenced by defects, phonons and impurities induced scatterings.

Specially, owing to the exceptional defect-tolerance nature, three dimensional (3D) organic
inorganic hybrid perovskite has very high carrier mobility (5-75 cm?V-!s71) 332 As reported, the
excited charge carrier lifetime and diffusion length of 3D perovskite can be as long as 2.2 us and
19 um, respectively ’. However, 3D halide perovskite has intrinsically environmental instability
due to the hydroscopic nature of the organic cations and their low formation energies **. By
incorporating hydrophobic large organic cations into 3D hybrid perovskite, much improved
stability was obtained in 2D, 1D and 0D perovskites. Due to the strong quantum confinement, the
transport of excited charge carrier in 0D and 1D perovskites are severely inhibited, which greatly
limits the application of 0D and 1D perovskites in optoelectronics. Whereas, the 2D hybrid
perovskites are naturally formed quantum well structures, where metal-halide octahedron cages
are separated by bulky organic spacers forming 2D structures with the formula of A’2An-1MnX3n+1,
where n refers to the number of planes of the corner-sharing [MXs]* octahedral, and A, M, X refer
to the monovalent cations, divalent metal cations and halide anions, respectively '>!3. The value
of n represents the metal-halide octahedron layer confined by the bulky organic spacer layers (see
Figure 1-5), where the larger the n value is, the weaker the quantum confinement will be. As

different-n-value 2D nanoplates coexist, forming a quasi-2D perovskite film, the carrier transport

12



is also limited by the insulating nature of the bulky organic spacers. More detailed discussion is

included in Section 1.2.1.

1.1.4 Excited states recombination

The recombination of excited states leads to two consequences: (1) radiative emission by
generating a photon or (2) nonradiative recombination by releasing the energy to phonon(s). In

semiconductors, the overall recombination processes can be described with the equation as follows
3435,

— %% = AN + BN? + CN? )

Here, N refers to the density of excited charge carriers, 4, B and C refer to first-order, second-order
and third-order recombination coefficients. In organic inorganic hybrid perovskites, the first-order
term AN can be either radiative recombination (excitonic emission) or nonradiative recombination
(Shockley—Read—Hall recombination). The excitonic feature is usually observed in materials with
large exciton binding energy. Specifically, the Shockley—Read—Hall recombination is a trap
assisted nonradiative recombination, where the deep traps within the band gap serve as the
recombination centers. The second-order term BN? is the free electron-hole recombination (or the
bimolecular recombination). The third-order term CN° is the Auger recombination, which is a
three-particle process (ehh or eeh). Considering a system with two electrons and one hole (ech),
recombination of an electron and a hole will not lead to emission of a photon during Auger
recombination. Instead, the excess energy is absorbed by the rest electron, subsequently exciting

it to higher energy level.

In organic inorganic hybrid perovskites, the radiative recombination can be either from

first-order excitonic emission in quantum confined systems like low dimensional perovskites and

36,37 38,39

perovskite nanocrystals , and second-order bimolecular recombination in 3D perovskites
At low carrier density, the Auger recombination is negligible owing to the relatively low Auger
recombination coefficient C. Therefore, the quantum efficiency of perovskites is only related to
the ratio of trap assisted nonradiative recombination. Toward efficient functional devices with low
nonradiative loss, defects passivation engineering plays an important role in organic inorganic

hybrid perovskites.
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Figure 1- 5 Schematic layered structures of 2D perovskite nanoplates with different n values (n=1,
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1.2 Perovskite optoelectronic devices

Outstanding properties such as co-existed superior semiconducting properties®*’, electrical

4143 44,45

polarization , non-degenerate spin states and low-temperature processabilities **° have
been demonstrated in organic-inorganic hybrid perovskites, making it a promising candidate for

optoelectronic devices, such as solar cells, light emitting diodes and photodetectors.

1.2.1 Solar cells

Figure 1-6a shows a typical solar cell device structure where the photoactive layer is
sandwiched by a hole transport layer and an electron transport layer. In addition, the anode and
cathode are attached to hole transport layer and electron transport layer respectively. As schematic
shown in Figure 1-6b, the photoactive semiconductors can absorb photons with energy higher
than the materials’ bandgap, leading to the electrons in the valance band to be excited to conduction
band and leaving electron vacancies (excited holes) at the valance band. The primary
photogenerated electron-hole pairs can be dissociate into free electrons and holes, which will be
transferred into electron transport layer and hole transport layer separately, and eventually

extracted by cathode and anode.

Therefore, the energy of photons (solar energy) is converted to electrical energy, which is
the essence of solar cells. In order to quantify the power conversion efficiency (PCE: the ratio of
electrical energy to solar energy) of the solar cells, current-voltage curve under one sun
illumination is plotted (as exampled in Figure 1-6¢). As shown in Figure 1-6¢, the PCE is
getermined by three key parameters: Voc, Jsc and FF. Specifically, Voc is called the open circuit
voltage, which equals to the magnitude of applied bias when the current density is zero (i.e. the
open circuit condition). Jsc is called the short circuit current, which equals to the magnitude of
current density when the applied bias is zero (short circuit condition). FF is called the fill factor,
which equals to the ratio of maximal output power (product of current and voltage) to the product

of the open circuit voltage and short circuit current.

Compared with the traditional solar cells such as inorganic solar cells based on silicon or
gallium arsenide and organic solar cells, the organic inorganic hybrid perovskite solar cells are of
great advantages due to their coexisted properties like exceptionally high defect tolerance, high

absorption coefficient, high carrier mobility, tunable bandgap and low-cost processing method. To
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Figure 1- 6 (a) Schematic device structure of a solar cell. (b) The energy level diagram of a solar
cell and the arrows indicate the transportation of photogenerated carriers. (¢) Current-voltage curve

for a solar cell at one sun condition. MMP is maximum power point.
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date, the efficiency of 3D lead based perovskite solar cells is boosted from 3.8% to 25.2% within

50-55

a few years , as shown in Figure 1-7.

Toward reducing the toxicity, lead-free tin based perovskite solar cells are developed,
while highly concentrated tin vacancies are formed owing to the instability of the oxidation state
of tin (Sn*"). This largely suppresses the efficiency of tin based perovskite solar cells 3662,
requiring further material engineering to improve the quality of tin based perovskites. At the same
time, replacing high-atomic-number element lead (n=82) with low-atomic-number element tin
(n=50), the spin-orbital coupling of perovskite is reduced. This leads to a weak conversion from
optically generated bright states to dark states, requiring new strategies to facilitate the conversion

toward photovoltaic actions.

Toward improving the stability, hydrophobic large organic cations are incorporated into
3D perovskite, resulting in 2D perovskite nanoplates. As the large organic cation can not only
prevent metal-halide octahedron from exposing to moisture and oxygen, but also suppress the ion
migration, thus solar cells based on 2D perovskites have shown significantly enhanced
environmental and operational stabilities %-%°. However, the insulating nature of the large organic
cation such as n-butylammonium (BA) or 2-phenylethylammonium (PEA) severely hinders the
carriers transport in 2D perovskite solar cells, leading to low short-circuit photocurrent (Jsc) and
fill factor (FF). The 2D perovskite nanoplates actually are lead-halide octahedral sheet sandwiched
by two large organic layers. Thus, electrical conductivity of 2D perovskite nanoplates is much
higher in the in-plane direction than in the out-of-plane direction. With respect to the electrode
contacts in planar solar cells, preferential out-of-plane crystallization alignment of 2D perovskite
nanoplates can facilitate the carrier transport. This can be accomplished by hot casting technology

% doping ®” and solvent engineering .

In addition, the formula of 2D perovskites is A’2An-1BnX3n+1, where n refers to the number
of planes of the corner-sharing [BXs]*™ octahedral, and A’, A, B, X refer to the large organic
cations, small radius cations, divalent metal cations and halide anions, respectively. During the
fabrication process of the target pure-n-value 2D perovskite nanoplates, multiple phases with a
mixture of different-n-value nanoplates, namely quasi-2D perovskites will be formed instead of
pure-n-value 2D nanoplates, which is caused by the large solubility difference between large

organic cation A’ and cation A with small radius. For example, n value of the precursor solution
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Figure 1- 7 The efficiency evolution of perovskite solar cells. Data is replotted from ref, >
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prepared for 2D perovskite PEA>MA4Pbslis is set to be 5, however the obtained film will contains
nanoplates with different-n-values such as n=1 (PEA:;Pbls), n=2 (PEA2MAPb:I7), n=3
(PEA>XMA,Pbslio), n=4 (PEA2MA;3Pb4l13), n=5 (PEA2MA4Pbsli), -+, n=10 (PEA2MA9Pb0l31) -,
and n=infinity (MAPbI3). The nanoplates with lower n value have wider optical bandgap, larger
exciton binding energy and poorer electrical conductivity, whereas the large-n-value nanoplates
have narrower optical bandgap, reduced exciton binding and better electrical conductivity. Due to
band diagram between different-n-value nanoplates (Figure 1-8), charge transfer occurs from
small-n-value nanoplates to large-n-value nanoplates. Thus, controlling the spatial distribution of
different-n-value nanoplates plays an important role to enhance the charge transfer from small to
large-n-value nanoplates toward enhancing the carrier transport, thereby improving the

photovoltaic performance of quasi-2D perovskite solar cells.

1.2.2 Light emitting diodes

Figure 1-9a shows a typical light emitting diodes structure of anode/hole buffer layer/hole
transport layer/light emitting layer/electron transport layer/electron buffer layer/cathode. At
working condition, holes and electrons are injected through anode and cathode, respectively. These
injected holes and electrons can meet within the light emitting layer and form excited light emitting
states ready for radiative recombination (Figure 1-9b). As a reverse process of solar cells, the light
emitting diodes are designed to convert electrical energy to photon energy. The conversion
efficiency is described as the external quantum efficiency (EQE), which equals to the ratio of

emitted photon number to the injected charge number.

Organic-inorganic hybrid perovskites have recently demonstrated remarkable
electroluminescence (EL) actions with solution processing and spectral tuning properties based
on the effort from materials synthesis and device interface engineering %72, Toward highly
efficient perovskite LEDs, it requires various advanced engineering strategies such as increasing
quantum confinement, minimizing trap assisted recombination and enhancing light outcoupling.
Regarding the quantum confinement, low dimensional perovskite structures or perovskite
nanocrystals are designed via various proposed strategies such as elemental substitution and ligand

incorporation, which enables a very high PL quantum efficiency (PLQY) 737

ready for perovskite
LED fabrication. Regarding the reduction of trap assisted nonradiative recombination, additive

engineering and post treatment are applied to decrease defects within the perovskite films.
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Regarding the light outcoupling enhancement, optimizing film thickness and realizing isolated
nanostructured perovskite grains are the commonly used strategies ’’. With these overall efforts,
the EQE of perovskite LED has been pushed to over 20% in near infrared and green region and

over 10% in blue region ”’.

1.2.3 Photodetectors

The photodetectors, or photosensors, are sensors to detect photons with the detection signal
usually revealed via photocurrent. In view of achieving high current upon light illumination in
photodetectors, two strategies are applied: i) making use of photogenerated excited carriers’
collection toward high current, and ii) enhancing the charge injection from electrodes toward
current amplification 7®. The working principle of the first strategy is nearly the same as the solar
cells. Specifically, when a photon is absorbed to generate an excited electron-hole pair, an external
bias is usually required to assist the dissociation of electron-hole pair as well as the charge carrier
transport and collection. In the second strategy, charge injection enhancement is usually realized
through de-trapping defects within the device and/or decreasing the injection barrier at interface

between transport layer and electrode.

In the evaluation of the photodetector performance, the ON-OFF ratio, detectivity and
responsivity are the key parameters. Here, the ON-OFF ratio refers to the ratio of current upon
light illumination to current at dark condition. Therefore, decreasing dark current together with
increasing light current is essential to improve the performance of photodetectors. The detectivity
determines how weak the light can be detected, which is defined as the inverse of the noise-
equivalent power (NEP). Hence, the larger the detectivity is, the more accurate it is to detect week
signals which compete with the noise. Another parameter responsivity reflects the efficiency of a

detector, which is defined as the ratio of photocurrent to detected light intensity.

Organic inorganic hybrid perovskites have recently emerged as a promising candidate for
commercial photodetectors, owing to the superior optoelectronic properties such as broad and
tunable light absorption with large absorption coefficient, efficient charge carrier generation and
excellent charge transport. To date, various perovskite based photodetectors '® 7 have been

demonstrated such as using different perovskite sources with single crystals, 3D polycrystalline
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films or even nanowires, using different device structures with vertical design or planar design and

combining perovskite layer with other two-dimensional layers (e.g. graphene).

1.3 Dissertation Outline

Behaviors of excited states form the foundation of optoelectronics, such as light emitting
diodes, solar cells and lasers. Thoroughly understanding the photophysical processes of excited
states are suggested to further pushing the optoelectronic efficiency forward, including the
perovskite-based devices. The research in this thesis mainly focuses on the manipulation of excited
states through combining optoelectronic devices, from excited states generation to excited charge
carrier transport. We will also introduce several different perovskite films (2D, quasi-2D and 3D)
together with the corresponding solar cells or LEDs. The related underlying mechanism is explored.

The outline of this thesis is briefly introduced as follows.

Chapter 2 establishes charge-transfer excitons in 2D perovskite heterostructures
(PEA2Pbl4/PEA>Snl4). It can lead to bright broad emission, which brings about new opportunity
to develop high-performance perovskite LEDs and solar cells. Chapter 3 explores the orbit-orbit
interaction between excitons when doping is used to improve the photovoltaic efficiency in lead-
free Sn perovskite solar cells. This study reveals orbit-orbit interaction is enhanced through SnF»
doping in FASnI>Br based perovskites. Chapter 4 introduces long-order orbital interaction through
slow hot-carrier cooling in quasi-2D perovskite films. This work explores the possible strategies
to increase the population of dark states through long-order orbit-orbit interaction toward highly
efficient quasi-2D perovskite solar cells. Chapter 5 proposes a new strategy (uniform permutation
of 2D nanoplates) in quasi-2D perovskite films toward efficient charge collection. This work
develops a vacuum poling treatment to enable uniform permutation of 2D nanoplates, leading to a
champion high fill factor in quasi-2D perovskite solar cells. Chapter 6 realizes alternating current
(AC) electroluminescence in quasi-2D perovskite LEDs. This work proposes a new strategy to
facilitate bipolar carrier transport toward efficient AC driven LED. Chapter 7 concludes the entire

studies in this thesis and provides an outlook for future works.
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Chapter 2 Establishing charge-transfer excitons in 2D

perovskite heterostructures
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2.1 Abstract

Charge-transfer excitons (CTEs) immensely enrich property-tuning capabilities of
semiconducting materials. However, such concept has been remaining as unexplored topic within
halide perovskite structures. Here, we report that CTEs can be effectively formed in
heterostructured 2D perovskites prepared by mixing PEA>Pbl4:PEA>Snl4, functioning as host and
guest components. Remarkably, a broad emission can be demonstrated with quick formation of 3
ps but prolonged lifetime of ~ 0.5 us. This broad PL presents the hypothesis of CTEs, verified by
the exclusion of lattice distortion and doping effects through demonstrating double-layered
PEA>Pbl4/PEA2Snl4 heterostructure when shearing-away PEA>Snls film onto the surface of
PEALPDI4 film by using hand-finger pressing method. The below-bandgap photocurrent indicates
that CTEs are vital states formed at PEA>Pbl4:PEA>Snls interfaces in 2D perovskite
heterostructures. Electroluminescence shows that CTEs can be directly formed with electrically
injected carriers in perovskite LEDs. Clearly, the CTEs presents a new mechanism to advance the

multifunctionalities in 2D perovskites.

2.2 Introduction

Initiated by fast developing thin-film photovoltaic functionalities®’-33

, organic-inorganic
hybrid metal halide perovskites have emerged as interesting light-emitting materials with high
photoluminescence quantum yields®#-¢, large color tuning capabilities?*, domain-size controllable

87.88 and bandgap engineering properties®®!. With these attractive optical

exciton binding energies
characteristics, the hybrid perovskites have demonstrated high-performance LEDs3?** based on
solution-processed thin-film formation procedures. Undoubtedly, the excitons formed within
intrinsic perovskite structures are solely responsible for developing high-performance light-
emitting properties. Because the excitons are generated by electron-hole capture within band
structures in such hybrid perovskites, tuning excitonic properties requires substantial engineering
on band structures through materials design. This often leads to complex experimental procedures
to tune light-emitting properties in hybrid metal halide perovskites. Interestingly, charge-transfer
excitons have been introduced as artificial excitons with spatially extended wavefunctions, widely
observed in low dielectric-constant organic materials through donor-acceptor design, to develop

high-efficiency optoelectronic functionalities *>?®. It has been recognized as an intriguing nature

that charge-transfer excitons can be conveniently tuned on energy, polarization, and spin
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parameters by physically changing the formulation of heterostructures °’. This leads to unique
tuning capabilities to control optic, electric, and magnetic functionalities where charge-transfer

excitons are utilized %8.

In general, charge-transfer excitons can be formed at heterostructures where charge transfer
occurs at heterointerfaces to form electron-hole pairs. The heterostructures can be both chemically
and physically prepared by using two molecular structures where different electron negativities
exist *- 19 In general, the heterostructures can be naturally formed between donor-type and
acceptor-type structures, leading to exciplexes '°1"1%. On the other hand, the heterostructures can
be partially formed between two same-type molecular structures where local energy disorders exist,

104,105 In the past, the charge-transfer excitons have been extensively explored

forming excimers
in organic heterostructures prepared by chemical synthesis, physical mixing, and mechanical
formation of film-interfaces towards light-emitting, lasing, photovoltaic, sensing and magneto-

106-108 ~ Recently, it has been shown that the perovskite-polymer bulk

optical applications
heterostructure, prepared by mixing quasi-2D/3D perovskite with wide-bandgap polymer,
demonstrates a broad transient absorption (TA) signal which is quickly appeared in 1 ps and slowly
relaxed in nanoseconds *°. This presents the possibility to form CTEs between perovskite and
organic polymer, known as high and low-dielectric materials. Essentially, the CTEs can be formed
when a charge transfer process is occurred with the consequence of forming electron-hole pairs
between two adjacent structures with different electron negativities and local energies. It has also
been_observed that CTEs can be formed between 2D perovskite (BA2Pbls) and organic molecule
[1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN)] when the charge transfer at the

interface is enhanced by orbital overlap'®. Clearly, these published results provide the necessary

condition to explore the CTEs within perovskite heterostructures.

In this work, we initially utilized the chemical method to prepare 2D perovskite
heterostructures [(PEA2Pbls)x:(PEA2Snls)1x] by alternatively selecting the host and guest
components when mixing two precursor (Pb and Sn perovskites) solutions with distinctly high and
low concentrations. The heterostructures with alternatively switched host and guest components
are both demonstrated with similar broad emission spectra and prolonged lifetime (~
microseconds). This observation provides the first indication that the CTEs are formed at the

[PEA-PbI4:PEA>Snl4] interfaces within heterostructures [(PEA2Pbl4)o.999:(PEA2Snl4)0.001] and
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[(PEA2Snl4)0.999:(PEA2Pbl4)0.001] to generate a broad emission in 2D perovskites. Remarkably, the
broad emission can be reproduced when using hand-finger pressing method to mechanically
shearing-away the PEA>Snl4 film onto the PEA>Pbl, film surface to uniquely prepare the double-
layered heterostructures without lattice distortion and doping effects. This hand-finger pressing
method confirms that the broad emission represents the signature for CTEs formed in 2D
perovskite heterostructures. The pump-probe TA studies present that the CTEs are quickly formed
and essentially become metastable states, as compared to surface-trapped and intrinsic excitons in

2D perovskites. This work has been published (Nature Communications 11,2618, 2020).

2.3 Materials and Methods

2.3.1 Materials synthesis and device fabrication

Lead iodide (Pbly), tin iodide (Snl), Poly(9-vinylcarbazole) (PVK), 2,2°,2°~(1,3,5-
Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), lithium fluoride (LiF), chlorobenzene
(CB), Isopropyl Alcohol (IPA) and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Phenethylammonium iodide (PEAI) was purchased from Greatcell Solar. Phenyl-Cei-
butyric acid methyl (PCs1BM) was purchased from 1-Materials. Poly (3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) was purchased from Clevios. All chemicals are used as
received without further purification. The precursor solution of PEA,Pbls was prepared by mixing
PEAI (0.8 M) and Pbl> (0.4 M) in DMSO (1 mL). The precursor solution of PEA>Snls was made
in the same way by replacing Pbl, with Snl,. Heterostructures of [(PEA2Pbls)1x:(PEA2Snl4)x]
were designed by mixing two precursor (PEA2Pbl4 and PEA,Snls) solutions with alternatively
selected high and low volume ratios. All the perovskite films were fabricated by spin-coating the
precursor solutions on glass slides (1.5x1.5 cm?) at 3000 rpm for 30 s, then annealing at 100 °C

for 10 minutes (Figure 2-1).

2.3.2 Fabrications of LED and photodetector.

The patterned ITO substrates were first cleaned by ultrasonic treatments with detergent,
deionized water, acetone and isopropanol respectively, for 20 minutes in each step and dried with
nitrogen gas, then followed by UV treatment for 30 minutes. After that, the PEDOT:PSS hole-
transport layer of 40 nm was spin-coated on the precleaned ITO substrates at 4000 rpm for 60
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Figure 2- 1 Schematic diagram of perovskite film fabrication procedure through one-step spin-

coating method.

28



seconds, and annealed at 150 °C for 30 minutes. For LED devices, a thin layer of
polyvinylcarbarzole (PVK) (16 mg/ml dissolved in chlorobenzene) was spin-coated on the
PEDOT:PSS layers with a speed of 5000 rpm for 60 seconds, and treated with the thermal
annealing at 120 °C for 20 minutes. The 2D perovskite precursor solutions were spin-coated as
described above. The TPBi was vacuum-deposited with the thickness of 50 nm. 2 nm LiF and 90
nm silver were evaporated to prepare the perovskite LEDs with the architecture of
ITO/PEDOT:PSS/PVK/perovskite/TPBi/LiF/Ag. For the fabrication of photodetector devices, the
PCs1BM (25 mg/ml dissolved in chlorobenzene) was spin coated at 2000 rpm for 50 seconds,
without thermal annealing, serving as an electron-transport layer, then an interface modification
layer of PEI (0.5 mg/ml, IPA) was spin coated at 5000 rpm for 60 seconds, and followed by the
evaporation of silver electrode of 90 nm. This leads to the photodetector device architecture of
ITO/PEDOT:PSS/perovskite/PCs1BM/PEI/Ag. The active area for both LED and photodetector

devices is 0.06 cm?.

2.3.3 Mechanically preparing heterostructures.

The double-layer 2D perovskite heterostructures were prepared by using hand-finger
pressing method to avoid lattice distortion and doping effect. Specifically, the PEA>Snls film
coated on glass substrate was held on the PEA,Pbls film with the face-to-face contact by using
hand-finger pressing method. Then, the PEA>Snl4 film was shearing on the surface of PEA>Pbls
film. This leaves the PEA>Snls film-islands on the PEA,Pbls film, leading to double-layer
heterointerfaces (PEA>Snl4+/PEA,Pbl4). The PEA>Snl4 film-islands can be visible as pale-yellow
color on the PEA,Pblsy film. Therefore, our hand-finger pressing method can prepare the
heterostructures without lattice distortion and doping effects to confirm the charge-transfer

excitons responsible for broad emission observed in 2D perovskite heterostructures.

2.3.4 Characterizations and measurements

The steady-state and time-resolved PL characteristics were measured with Flouro Log III
spectrometer. The absorption spectrum was measured with UV3600 (Shimadzu, Japan). Transient
absorption spectra were collected by using a Helios fire spectrometer (Ultrafast Systems LLC).
The pump beam (346 nm, SpW) was generated through a harmonic generator (Ultrafast Systems
LLC, third harmonic) pumped by a Pharos laser (Light Conversion, 1kHz, 1030nm, 290fs). The
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probe beam was selected from the broad light emission generated by CaF» crystal excited by 1030

nm fs primary beam.

2.4 Results and discussion

2.4.1 CTEs in heterostructured 2D perovskite thin film

The 2D perovskite films were prepared by spin coating from mixed two precursor solutions
(PEA2Pbl4 and PEA,Snl4) and followed with thermal annealing at 100°C for 10 minutes. The two
precursor solutions were initially mixed with the volume ratio of 99.9:0.1 to formulate the
heterostructures [(PEA2Pbl4)0.999:(PEA2Snl4)0.001] in 2D perovskite films where the PEA>Pbls and
PEA>Snls act as host and guest components, respectively. Furthermore, the PEA,Pbls and
PEA>Snls were alternatively switched with distinctly low and high concentrations, serving as guest
and host components, to formulate the heterostructures [(PEA2Snl4)0.999:(PEA2Pbl4)0.001] in 2D

perovskite films.

Figure 2-2a shows that mixing 0.1 % PEA>Snl4 into 99.9 % PEA,PbIl; has little effect on
the absorption characteristics in the heterostructures [(PEA2Pbl4)o.999:(PEA2Snl4)0.001] where the
bandgap is governed by the host (PEA2Pbls) component. Interestingly, a very broad PL spectrum
is observed between 575 nm and 800 nm with the peak position located at 669 nm. When we
further increase the guest Sn perovskite concentration to 1% or even 5%, broad emission can
always be observed at same wavelength (Figure 2-2b). As a comparison, the PEA>Pbls and
PEA>Snl4 perovskites give rise to their intrinsic photoluminescence (PL) at 524 nm and 621 nm,
shown as spectral shoulders on the broad emission spectrum. The broad PL demonstrates a very
broad spectral width of 127 nm while the intrinsic emission from the PEA>Pbls and PEA>Snl4
components give rise to much narrower spectral widths (15 nm and 37 nm). Remarkably, when
the host and guest components are alternatively switched to shift the bandgap (derived from optical
absorption) largely from 2.33 eV in the [(PEA2Pbl4)o999:(PEA2Snl4)0.001] to 1.95 eV in the
[(PEA2Snl4)0.999:(PEA2Pbl4)0.001], the broad emission spectrum is only slightly changed from 669
nm (1.85 eV) to 697 nm (1.78 eV) in peak position, leading to similar broad emission spectra
between [(PEA2Pbl4).999:(PEA2Snl4)0.001] and [(PEA2Snl4)0.999:(PEA2PbI4)o.001] heterostructures,
as indicated in Figure 2-2¢. The similar broad emission observed by alternatively switching the

host and guest components in 2D perovskite heterostructures [(PEA2Pbl4)o.999:(PEA2Snl4)0.001] and
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Figure 2-2 Optical characteristics of CTEs formation in 2D perovskite heterostructures. (a)
Absorption and PL spectra are shown for 2D perovskite heterostructured
[(PEA2Pbl4)0.999:(PEA2SnI4)0.001] film. The absorption spectrum indicates that the bandgap is
governed by the host (PEA;Pbls) component in the heterostructures. The PL spectrum is
dominated by a broad emission peaked at 669 nm with a spectral shoulder at 614 nm from the
guest (PEA2Snl4) and the intrinsic emission (peaked at 531 nm) from the host (PEA2Pbls). (b)
Normalized PL spectra to show broad light emission peaked at 669 nm for heterostructured
[(PEA2PDL4)1x:(PEA2Snls)«] films. (c) PL spectrum is shown for 2D perovskite heterostructured
[(PEA2Snl4)0.999:(PEA2Pbl4)0.001] film after switching host and guest components. The broad
emission is observed with the peak position at 697 nm, in addition to intrinsic emission (peaked at
524 nm and 627 nm) from host (PEA>Pbls) and guest (PEA2Snl4) components. The PL spectra for
pristine PEA;Pbls and PEA>Snls films are also shown as reference. (d) Schematic diagram
illustrates the formation of CTEs at the interfaces between PEA;Pbls and PEA>Snl4 components
in 2D perovskite heterostructures [(PEA2Pbl4)1-x:(PEA2Snl4)x].

31



[(PEA2Snl4)0.999:(PEA2Pbl4)0.001] lead to the hypothesis that the CTEs are formed at the interfaces
between local PEA,Pbls and PEA>Snls structures, as illustrated in Figure 2-2d. Here, the
formation of CTEs requires that (i) the charge transfer is occurred from local host to guest
structures and (ii) the electron-hole pairs are formed at the interfaces in the 2D perovskite

heterostructures.

To further understand the origin of broad emission occurring in the 2D perovskite
heterostructures, we measured the PL intensity dependence and lifetime characteristics. We can
see in Figure 2-3a and 3b that the broad emission exhibits the intensity-dependence slop of 1.62,
while the intrinsic emission from the host PEA;Pbls component gives rise to the intensity-
dependence slop of 1.14. We should note that germinate process dominates the radiative
recombination of the intrinsic excitons in host/guest 2D perovskites due to large exciton binding
energy, which leads to the power dependence slope of ~1. On the other hand, when electrons and
holes are paired to form electron-hole pairs, the pairing probability p is proportional to the product
between the number (n) of electrons and the number (m) of holes: p o« m-n. In the situation where
n=m, then p oc n®. Therefore, the non-germinate recombination can lead to the intensity-
dependence slope of 2 in light emission. Here, the broad emission of our heterostructured
[(PEA2PDbI4)0.95:(PEA2Snl4)0.05] film demonstrates the power dependence slope of 1.62, presenting
the suggestion that the CTEs are responsible for the broad emission through non-germinate

recombination.

Furthermore, the broad emission peaked at 669 nm shows much prolonged lifetime of 0.5
us relative to the short lifetime of 1 ns of the intrinsic emission peaked at 524 nm from the host
PEA>Pbls component, as shown in Figure 2-3c. In general, the lifetime of CTEs is mainly
determined by the electron-hole recombination rate governed by Coulomb attractive force. As a
result, CTEs often exhibit an extended lifetime due to longer electron-hole separation distance as

compared to intrinsic excitons in semiconducting materials.

Here, the much prolonged PL lifetime further verifies that the broad emission originates
from CTEs in heterostructured 2D perovskites. We should note that CTEs can still demonstrate
various lifetimes when the Coulomb attraction between electron and hole located on different
energetic structures is changed by local dielectric backgrounds, widely observed in organic-

109-111

organic , organic-inorganic!'?, inorganic-inorganic mixtures'!?.
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Figure 2- 3 PL characteristics for 2D perovskite heterostructured [(PEA2Pbl4)o.999:(PEA2Snl4)0.001]
film. (a) Normalized PL spectra at different excitation intensities ranging from 5 pW/cm? to 94
mW/cm?. (b) PL-excitation intensity dependences for broad emission (peaked at 669 nm) as
compared to intrinsic emission (524 nm) from host (PEA,Pbly). (c) PL lifetime results for broad
emission (peaked at 669 nm) in 2D perovskite heterostructures and intrinsic emission (peaked at

524 nm, and 621 nm) from host (PEA2Pbl4) and guest (PEA>Snly).
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2.4.2 CTEs in double-layered 2D perovskite heterostructures

We note that, in the mixed two precursor solutions with 99.9 % host and 0.1 % guest
concentrations, the PEA>Pbls and PEA2Snl4 have slower and faster crystallization rates to form
heterostructured 2D perovskite [(PEA2Pbl4)o.999:(PEA2Snl4)o.001] films. This is because the Pb and
Sn perovskites have higher and lower Gibbs energies, respectively ''*.  Consequently, the
PEA>Snls domains can be quickly formed and followed with the formation of PEA>Pbls domains,
leading to the heterostructured 2D perovskite films. The heterostructures provide the necessary
condition to initiate the charge transfer from the host to the guest domains towards the formation
of CTEs at the host: guest interfaces. Essentially, the CTEs can be formed through Coulomb
capture at the interfaces between PEA,Pbls and PEA>Snls domains in 2D perovskite
heterostructures. However, there is a question of whether the low-concentration guest (PEA>Snly)
molecules dope into the high-concentration host (PEA,Pbl4) domains, leading to the possibility of
doping effect to generate a broad emission through the so-called self-trapped excitons caused by

lattice deformation, which was proposed for doping-induced deformation in (100) 2D single

115 116, 117

crystals '~ and corrugated (110) 2D structures

To clarify this question, we designed a unique experimental method to mechanically
prepare the double-layered PEA>Pbl4/PEA>Snl4 heterointerface by shearing-away the PEA>Snl4
film onto the surface of PEA,Pbls film through hand-finger pressing procedure. Specifically, the
PEA>Snl4 and PEA>Pbl4 films were separately spin-cast on glass substrates followed by thermal
annealing. Then, the PEA,Snls film coated on glass substrate was hold onto the PEA>Pbly film
coated on another glass substrate with face-to-face contact under hand-finger pressing, as
schematically illustrated in Figure 2-4a. Upon hand-finger pressing with face-to-face contact, the
PEA>Snly film was parallelly shearing away from the surface of PEA2Pbly film. This hand-finger
pressing method leaves the PEA>Snls film-islands on the surface of PEA,Pbl4 film, forming the
double-layered [PEA2Pbl4/PEA>Snl4] interfaces, functioning as heterostructures clearly without

doping effects and lattice deformation.

Therefore, our hand-finger pressing method provides a unique experimental approach to
clarify the origin of broad emission widely observed in hybrid metal halide perovskite
heterostructures formed by mixing different precursor solutions or in nanocrystals formed with

lattice strains. Here, it is very interesting to show that our broad emission can be reproduced with
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Figure 2- 4 Hand-finger pressing method to confirm CTEs formation in 2D perovskite
heterostructures. (a) Schematic diagram illustrates that show PEA>Snly film is shearing-away on
PEA,PbI4 film surface to prepare double-layered [PEA,Pbls/PEA>Snl4] heterointerfaces. (b) PL
spectrum was measured for double-layered [PEA,Pbls/PEA>Snl4] heterointerfaces. The broad
emission is shown as an extended spectral tail in addition to intrinsic emission (530 nm and 637.5
nm) from PEA>Pbls and PEA>Snls components. The dashed lines are shown for three spectral
components from PEA;Pbls component, PEA>Snls component, and [PEA>Pbls/PEA>Snl4]

heterointerfaces.
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the peak position at 671 nm in the double-layered PEA>Pbl4/PEA>Snl4 interfaces prepared by our
hand-finger pressing method (Figure 2-4b), very similar to the broad emission observed by mixing
two precursor solutions. Because our hand-finger pressing method can only form a low density of
double-layered PEA>Pbl4+/PEA>Snl4 heterostructures, the broad emission becomes an appreciable
shoulder on the intrinsic emission peaked at 638 nm from the PEA>Snl4 perovskite. Clearly, the
similar broad emission observed from our hand-finger pressing method as compared to the
precursor-solution mixing method provides an unambiguous evidence to confirm that the broad
emission indeed represents the CTEs formed at the interfaces between PEA,Pbls and PEA,Snl4

domains in 2D perovskite heterostructures.

2.4.3 Dynamic analysis of CTEs formation.

To explore the dynamic behaviors of the CTEs, we performed pump-probe TA studies on
the heterostructured 2D perovskite [(PEA2Pbl4)o.9s:(PEA2Snl4)0.05] film (Figure 2-5a). The TA
characteristics show an interesting phenomenon where a broad signal is observed between 600 nm
and 800 nm (bottom panel in Figure 2-5a). Obviously, the broad TA signal is consistent with the
broad emission from CTEs in the heterostructured 2D perovskite film. Contrarily, the pristine
PEA-Pbl4 film does not show any broad TA signal between 600 nm and 800 nm, only leading to
a photo-bleaching signal peaked at 514 nm related to intrinsic excitons, as shown in Figure 2-5b.
Clearly, the broad TA signal provides the dynamic information of CTEs formed in 2D perovskite
heterostructures. Figure 2-5¢ summarizes the dynamic characteristics of CTEs with the broad TA
signal between 600 nm and 800 nm occurring at the [PEA;Pbl4:PEA>Snl4] interfaces in 2D
perovskite heterostructures [(PEA2Pbl4)o.9s:(PEA2Snl4)0.05]. The CTEs shown as the broad TA
signal between 600 nm and 800 nm are quickly formed in 3 ps and slowly generate a light emission
after 230 ps. Interestingly, the broad photoinduced bleaching TA signal extends to a few
nanoseconds without any appreciable decay. This indicates that the CTEs are essentially
metastable states in 2D perovskite heterostructures. Furthermore, the TA characteristics show a
spectral shoulder at 537.5 nm in the heterostructured 2D perovskite film, slightly below the
emission from intrinsic excitons (peaked at 513.8 nm) in the PEA;Pbls domains. This spectral
shoulder (537.5 nm) is formed in 1 ps, quickly demonstrates a light emission after 2.2 ps and
decays within nanosecond time window. By considering the lower energy (51 meV below the

band-to-band transition) and photobleaching developed after the band-to-band transition, we
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Figure 2- 5 Transient absorption (TA) characteristics for 2D perovskite heterostructures and
PEA,Pbl4. (a) TA spectra for 2D perovskite heterostructured [(PEA2Pbl4)o.95:(PEA2Snl4)0.05] film.
(b) TA spectra for pristine PEA;Pbls film. (¢) TA dynamics plotted for band-to-band transition
(513.8 nm), surface excitons (537.5 nm) and broad emission (657.3 nm) in 2D perovskite

heterostructures.
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assigned the TA spectral shoulder (peaked at 537.5 nm) to surface-trapped excitons. Because the
CTEs are developed into a bleaching signal after 230 ps, the surface-trapped excitons which are
quickly shown a bleaching signal within 2.2 ps can have an opportunity to contribute to the
formation of CTEs. Furthermore, the surface-trapped excitons have a limited light emission in our
2D perovskite heterostructured film. It is shown that the PL of pure PEA>Pbl4 film contains a weak
tail located around 540 nm, slightly below the emission (peaked at 520 nm) from intrinsic excitons
with decreased film thickness (~20 nm), leading to an asymmetric spectrum. This weak PL tail at
540 nm coincides with the surface-trapped excitons at 537.5 nm shown in transient absorption
(Figure 2-5a). With increasing the film thickness to ~150 nm, this weak tail becomes negligible,
making the entire PL spectrum symmetric. We believe this weak tail on PL spectrum at thinner
film provides a further indication to support the surface-trapped excitons. As a comparison, the
intrinsic excitons shown as the band-to-band transition peaked at 513.8 nm are quickly developed
into a light emission within ~ 1 ps. Therefore, the dynamics of CTEs include the following three
processes. First, both intrinsic and surface-trapped excitons experience a quick charge transfer,
leading to the formation of CTEs at the heterointerfaces between host and guest perovskite
structures within 3 ps. Second, the CTEs formed at heterostructures gradually develop a broad
light emission, showing a TA bleaching signal after 230 ps. Third, the light emission of CTEs
exhibits an extended lifetime (~0.5 us), indicating that the CTEs are metastable states in 2D
perovskite heterostructured film. To further verify the formation of CTEs, we have also measured
TA for the double-layered heterointerfaces prepared by our hand-finger pressing method. The
double-layered heterointerfaces demonstrate a broad TA signal between 640 nm and 800 nm, in
addition to the band-to-band transitions (peaked at 520 nm and 590 nm) in Pb and Sn perovskites.
This broad TA signal observed from the double-layered heterointerfaces prepared by our hand-

finger pressing method provides a further evidence to confirm the formation of CTEs.

2.4.4 Heterostructured 2D perovskite photodetectors and LEDs.

Now we use below-bandgap photoexcitation to show that the CTEs are vital states formed
in 2D perovskite heterostructures. Figure 2-6a illustrates the photocurrents for pristine (PEA2Pbls,
PEA>Snls) and heterostructured [(PEA2Pbl4)o.95:(PEA2Snl4)0.05] films with the device architecture
of ITO/PEDOT:PSS/perovskite/PCs1BM/PEI/Ag under the photoexcitation of 640 nm. We should
note that the 2D heterostructured [(PEA2Pbl4)o.95:(PEA2Snl4)0.05] and the pristine PEA>Pbls film

38



o
=3

PEA,Snl,  PEA,PbI,

ON/OFF=3.91 ON/OFF=29.7 1 ]
3 'E_ [(PEA,PbI,), o5
qu: § / :(PEA,Snly) os]
= -11 <
3 0.1{ Pure PEA,PbI, 640 nm

[(PEA,PbI,)o o1c(PEA,SNL)g 6] . _

-2 ONIOFF=532. : 400 500 600 700
0 12 3 Wavelength (nm)
Time (s)
c d
3 0.6 8
— | ITO/PEDOT:PSS/PVK/ — —J-v —~
;./ , [(PEA,Pbl,), o5:(PEA,SnI,), s TPBIlLi/Ag Ng o R, / g ;5/
2] < 7 o >
g) \E/ TPBI/LIF 4 %
"GE) 1 "GC'; 0.2} [(PEA,PbI)y o5:(PEA,SNI)o 5] -.aé
- = e 12 4
0 © 0.0 MMmemritmthphet VRS
500 600 700 800 0 2 4 6 8 10 12
Wavelength (nm) Voltage (V)

Figure 2- 6 Device performance of photodetectors and LEDs for 2D perovskite heterostructures.
(a) The ON-OFF behaviors of heterostructured 2D perovskite [(PEA2Pbl4)o.os:(PEA2Snl4)o.05]
photodetector (red) as compared to pure PEA>Pbls (black) and PEA,Snls (blue) devices when
exciting at 640 nm (1000 mW/cm?). (b) Absorption spectra of two films. (c) EL spectrum
containing broad CTEs emission and host emission. (d) Current density-voltage-EL curve of doped

device. The device structure is shown as the inset.
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have the same absorbance at the wavelength of 640 nm (selected as the below-bandgap
photoexcitation) (Figure 2-6b). Interestingly, the heterostructured [(PEA2Pbl4)o.95:(PEA2Snl4)0.05]
film demonstrates a much enlarged ON-OFF ratio of 532 on the photocurrent when the 640 nm
photoexcitation is applied and removed periodically. This below-bandgap photoexcitation-induced
photocurrent directly indicates that the charge-transfer states are vital states formed in 2D
perovskite heterostructures. On contrast, both pristine PEA>Pbls and PEA>Snls films show
significantly reduced ON-OFF ratios of 29.7 and 3.91 on photocurrent upon repeatedly applying

and removing the 640 nm photoexcitation.

Furthermore, we observed that the CTEs can be generated by electrically injected charge
carriers in 2D perovskite heterostructures. Figure 2-6¢ shows the electroluminescence (EL)
spectrum from the heterostructured 2D perovskite [(PEA2Pbl4)o.9s:(PEA2Snl4)o.05] film based on
the device design of ITO/PEDOT: PSS/PVK/perovskite/TPBi/LiF/Ag. The EL spectrum combines
the emission from both intrinsic excitons (peaked at 517 nm) from the host PEA,Pbl4 component
and the CTEs (peaked at 669 nm) formed at the interfaces between PEA,Pbls and PEA,Snly
components in 2D perovskite heterostructures [(PEA2Pbls)o.95:(PEA2Snl4)0.005]. The EL-voltage-
current characteristics shown in Figure 2-6d indicate the typical LED behaviors from CTEs under
electrical injection. It should be pointed out that, the injection current is quite low: (< 1 mA/cm?)
due to the lower conductance caused by insulating organic long-chain ligands in 2D perovskite
film even when the applied bias reaches 13 V. Clearly, the CTEs allow the generation of broad EL

in 2D perovskite heterostructures under electrical injection.

2.5 Summary

In summary, we found that the CTEs can be formed at the interfaces between PEA;Pbl4
and PEA>Snls components in 2D perovskite heterostructures [(PEA2Pbls)ix:(PEA2Snls)«]
prepared by chemically mixing two precursor (PEA,Pbls and PEA>Snls) solutions. The PEA>Pbl4
and PEA>Snls serve as host and guest components in the heterostructured 2D perovskite
[(PEA2PDbI4)0.999:(PEA2Snl4)0.001] films. A broad emission peaked at 669 nm with spectral range
between 575 nm and 800 nm was observed with the intensity-dependence slope of 1.62 and the
prolonged lifetime (~ 0.5 ps) in such 2D perovskite heterostructures. Particularly, when the host
and guest components are alternatively switched to shift the bandgap largely from 2.33 eV in the

[(PEA2Pbl4)0.999:(PEA2SnI4)0.001] to 1.95 eV in the [(PEA2Snl4)0.999:(PEA2Pbl4)0.001], the broad
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emission spectrum is only slightly changed from 669 nm (1.85 eV) to 697 nm (1.78 eV) in peak
position, leading to similar broad emission between PEA>Pbls and PEA>Snls based
heterostructures. This leads to the hypothesis that the CTEs can be conveniently established in 2D
perovskite heterostructures. This hypothesis was verified by the unique phenomenon: a similar
broad emission can be reproduced when the PEA>Snl4 film was shearing-away onto the surface of
the PEA-PbI4 film by hand-finger pressing method. The pump-probe transient absorption studies
show that the CTEs are formed within 3 ps between PEA2Pbls and PEA>Snl4 components and
slowly developed into a photobleaching signal after 230 ps. Particularly, the photobleaching signal
from CTEs extends a few nanoseconds without appreciable decay. Essentially, the CTEs become
metastable states in 2D perovskite heterostructures. The photocurrent generated by below-gap
photoexcitation shows that the charge-transfer states are vital states formed at the interfaces
between PEA,Pbls and PEA>Snls components in heterostructured 2D perovskite films. The EL
indicates that the CTEs can be formed by electrically injected electrons and holes to generate a
broad light emission in perovskite LEDs. Therefore, the CTEs present new opportunities to

develop advanced optoelectronic properties based on heterostructural design in 2D perovskites.
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Chapter 3 Doping Induced Orbit-orbit Interaction between
Excitons while Enhancing Photovoltaic Performance in Tin

Perovskite Solar Cells

42



3.1 Abstract

Doping has been used as a common method to improve photovoltaic performance in
perovskite solar cells (PSCs). This paper reports a new phenomenon that the SnF> doping can
largely increase the exciton-exciton interaction through orbital magnetic dipoles towards
increasing dissociation probabilities in lead-free FASnl,Br PSCs. Essentially, when orbit-orbit
interaction between excitons occurs, linearly and circularly polarized photoexcitations can
inevitably generate different photocurrents, giving rise to a AJsc phenomenon. Here, it is found
that, when SnF> doping is used to boost photovoltaic efficiency to 7.61 %, the orbit-orbit
interaction is increased by a factor of 2.2, shown as the AJsc changed from 1.21 % to 0.55 %.
Simultaneously, magnetic field effects of Jsc indicate that increasing orbit-orbit interaction leads
to an increase on the spin-orbital coupling in Sn perovskite (FASnl>Br) upon SnF> doping. This
presents a new doping effect occurring in Sn perovskite solar cell towards enhancing photovoltaic

efficiency.

3.2 Introduction

Doping has been known as an important method to improve photovoltaic performance in
perovskite solar cells, which can effectively decrease defects formed in polycrystalline
perovskites. #7123 It is reported that the SnF» doping in Sn based perovskites can effectively
suppress the oxidation of Sn?* — Sn*" and/or decreased Sn vacancy concentration, resulting in the
largely reduced defects and directly suppressed photovoltaic loss of non-radiative
recombination.’®%? In addition, intensive research efforts have been made to reduce defects

towards boosting power conversion efficiency (PCE) in Pb-free Sn based perovskite solar cells by

)’124 ),125

incorporating hierarchy structure (9.41% controlling the grain orientation (PCE=10.16%
introducing Lewis acid post-treatment (PCE=10.18%)'2° and regulating cations (PCE=13.24%).!?’
However, it still remains challenging to achieve high-efficiency Sn perovskite solar cells due to
the weak orbital momentum, which limits the conversion and dissociation of photogenerated

excited states.!”

Notably, organic-inorganic hybrid perovskites possess both orbital L and spin S
momentums with the total momentum J = LL + S, leading to bright (J = 1; |?1,+1>, |1, 0> and | ¥,

2>) and dark (J = 0; (|¥, ¢>) states with allowed and forbidden transitions.'®?*26 As discovered
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by our previous experimental results, the population between bright and dark states can be tuned
through magnetic field effects or exciton-exciton interaction, which may cause a change on
photocurrent in perovskite solar cells.!®?® Exciton binding energy is usually very low in 3D
perovskites, which can easily to dissociate into free carriers. However, these free electrons and
holes can form bond electron hole pairs through Coulomb attraction towards excitons, evidenced
by magnetic field effects of photoluminescence and photocurrent. Specifically, the exciton-exciton
interaction can occur through the interaction between orbital magnetic dipoles, leading to more
optically generated bright states (spin-allowed to recombine) converted to dark states (spin-
forbidden to recombine). Therefore, stronger exciton-exciton interaction will lead to more dark

states, resulting in increased Jsc.

On the other hand, the hybrid perovskites possess a strong interaction between electrical
and spin polarizations to demonstrate an electrical-magnetic coupling phenomenon.?!?
Essentially, the orbit-orbit interaction between excitons can occur through orbital magnetic dipoles
or orbital polarizations, forming short-range and long-range orbit-orbit interactions between
excitons.?® It should be pointed out that tuning the orbit-orbit interaction plays an important role
in determining the photovoltaic performance, but it remains an unexplored field on whether doping

effect can affect the orbit-orbit interaction.

Here, we explore the orbit-orbit interaction between excitons when doping is used to
improve the photovoltaic efficiency in lead-free Sn perovskite solar cells. The orbit-orbit
interaction between excitons was identified by monitoring the change of photocurrent (AJsc) while
switching the photoexcitation between linear and circular polarizations. Note that,
linearly/circularly polarized light generates bright excitons with opposite/same directional orbital
magnetic dipoles, leading to low/high total orbit momentums. Thus, less/more dark states will be

converted through orbit-orbit interaction, resulting in low/high photocurrent, i.e. AJsc.

In the present work, it is the first time to verify that SnF, doping in the Sn perovskites
(FASnI>;Br) can lead to largely enhanced orbit-orbit interaction via polarization dependent
photocurrent and magneto-photocurrent characteristics with the device architecture of
ITO/PEDOT:PSS/FASnl>Br/PCs1BM/PEI/Ag. This work has been published (Journal of Physical
Chemistry Letters 11, 6996-7001, 2020).
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3.3 Materials and Methods

3.3.1 Materials and Device fabrication

Formamidinium bromine (FABr, 99%) and PEDOT:PSS (Clevious PVP Al 4083) were
purchased from Xi’an Polymer Light Technology Corp (PLT). Tin (II) iodide (Snl2, 99.999%),
Tin (II) Flouride (SnF2, 99%) and Polyethylenimine (PEI) (branched, M=20,000) were purchased

from Sigma Aldrich. All the materials were used as received.

Devices studied in this work were fabricated with an inverted structure of
ITO/PEDOT:PSS/perovskite/PCs1BM/PEI/Ag. The precursor solutions for FASnIBr were
prepared by dissolving Snl, (1.3 M) with FABr (1.0 M) in a mixture solvent of y-butyrolactone
(GBL): dimethyl sulfoxide (DMSO) (7:3, v/v). Then 10 mol% SnF, was added or not to the
solutions. The mixture solutions were kept in dark condition for at least 2 hours to get all
compounds fully dissolved. The PEDOT: PSS thin films were spin-coated, from solution filtered
with 0.22 um PVDF filter, on the pre-cleaned ITO/glass substrates at 4000 rpm for 60 s and then
annealed at 150 °C for 30 min on a hot plate in ambient environment. The perovskite precursor
solutions were spin coated onto PEDOT: PSS film using a two-step spin-coating process at 1000
rpm for 10s and 4000 rpm for 47s, and 400 pL of toluene was dropped onto the perovskite films
as anti-solvent at the last 20" second. These films were then annealed at 90°C for 20 min. After
cooling down, phenyl-Csi-butyric acid methyl ester (PCs1BM, 20 mg/mL in chlorobenzene) was
spin-cast on top of perovskite films at 2000 rpm for 50 s. The films are kept in dark for at least 30
min, and then an interface-modifying layer PEI (0.1 wt%, in anhydride 2-Propanol) at 5000 rpm
for 60 s. Finally, 90-nm-thick silver top electrodes were thermally evaporated on top of the film

through metal mask under a vacuum of 2x10** Pa. The active area of the devices is 0.06 cm?.

3.3.2 Characterizations and Measurements

The -V characteristics were recorded by using Keithley 2400 source meter under
illumination of AM 1.5G 100 mW/cm? from Newport solar simulator calibrated by a silicon
reference cell. The absorption spectra were recorded using UV3600 (Shimadzu, Japan). The
external quantum efficiency (EQE) spectra were measured by a hand-made system. The cells were

subjected to monochromatic illumination (300 W Xe lamp passing through a monochromator and
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appropriate filters). The light intensity was calibrated by a standard Si biased photodetector
(DET100A, 350 nm-1100 nm, Thor Labs). The light beam was chopped at 230 Hz and the response
of the cell was acquired by a Stanford Research SR830 lock-in amplifier. Magneto-photocurrent
measurements were conducted by recording photocurrent (Jsc) as a function of magnetic field up
to ~900 mT (parallel to device plane). The magnetic field was applied parallel to the device plane
while using 488 nm CW laser as a photoexcitation. Photocurrent was monitored by Keithley 2400
source meter under short-circuit condition upon switching the photoexcitation between linear and
circular polarizations at same intensity (148 mW/cm?) and wavelength(405nm). Essentially, as
schematically shown in our previous work!®, the circularly polarized light was converted from
linearly polarized 405 nm CW laser beam perpendicularly through a A/4 wave plate at 45°. Also,
a commercial silicon solar cell was used as the reference to ensure no change generated in light
reflection with the optical path. Meanwhile, the light intensity dependent Jsc and Voc was
measured with neutral density filters stacked on the devices to modify the light intensity. The C-f and
C-V measurements were performed by using a dielectric spectrometer (Agilent, 4294A) with

alternating voltage of 50 mV.

3.4 Results and Discussion

Figure 3-1a shows the experimental principle to identify the orbit-orbit interaction
between excitons upon switching the photoexcitation between linear and circular polarizations.
Circularly and linearly polarized photoexciations generate excitons with same-directional and
opposite-directional orbital magnetic dipoles, respectively. If the exciton-exciton interaction is not
occurred through orbit-orbit interaction, linearly and circularly polarized photoexcitations with
identical intensity would generate same photocurrents because of same density of optically
generated excitons. If the exciton-exciton interaction is occurred through orbit-orbit interaction,
linearly and circularly polarized photoexcitations with identical intensity can then generate
different photocurrents, leading to a AJsc phenomenon. We should note that the orbit-orbit
interaction between excitons can occur through orbital magnetic dipoles or orbital polarizations
(Figure 3-1a). When orbital magnetic dipoles dominate the orbit-orbit interaction between
excitons, same-directional and opposite directional orbital magnetic dipoles generated by
circularly and linearly polarized photoexcitations correspond to stronger and weaker SOC,

respectively. Because SOC can serve as the underlying mechanism to flip spins to convert optically
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Figure 3- 1 Orbit-orbit interaction in FASnI>Br perovskites. (a) Schematic diagram to show the

orbit-orbit interaction between excitons upon switching the photoexcitation between linear and

circular polarizations (b) Photocurrent change of devices without and with SnF, doping by

switching between linear and circular polarized photoexcitations (405 nm) at identical intensity

(148 mW/cm?).
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generate bright states into dark states.??” Circularly/linearly polarized photoexcitation can then
generate larger/smaller photocurrent, presenting a +AJsc when switching the photoexcitation from
linear to circular polarization. When orbital polarizations dominate the orbit-orbit interaction
between excitons, the parallel and antiparallel orbital polarizations can be established by the same-
directional and opposite-directional orbital magnetic dipoles, causing less and more dissociation
due to dipole-dipole interaction. This leads to a -AJsc when switching the photoexcitation from
linear to circular polarization at the situation where orbital polarizations dominate the orbit-orbit
interaction between excitons. Therefore, monitoring the AlJsc provides a unique experimental
method to explore the orbit-orbit interaction between excitons in hybrid perovskites. We should
point out that the AJsc phenomenon?® is established when the optically-induced orbit-orbit
interaction can compete with the intrinsic orbit-orbit interaction already-existed before
photoexcitation. If the optically-induced orbit-orbit interaction is much weaker than intrinsic orbit-

orbit interaction, AJsc become negligible.

Clearly, larger/smaller AJsc corresponds to weaker/stronger intrinsic orbit-orbit interaction.
Figure 3-1b shows the AJsc results before and after the SnF> doping in the Sn perovskite solar cell
[ITO/PEDOT:PSS/FASn,Br/PCs1BM/PEI/Ag] measured by switching the photoexcitation from
linear to circular polarization. Here we can see two interesting information. First, the +AJsc
observed by switching the photoexcitation from linear to circular polarization indicates that the
orbital magnetic dipoles are indeed dominated the orbit-orbit interaction between excitons. Second,
the SnF> doping causes a large reduction on the +AJsc value from 1.21 % to 0.55 % by a factor of
2.2. This presents a new phenomenon that the SnF, doping can increase the intrinsic orbit-orbit
interaction through orbital magnetic dipoles while the photovoltaic efficiency is improved in Sn

perovskite solar cells.

Now we discuss the SOC upon increasing the orbit-orbit interaction through magnetic
dipoles in Sn perovskite solar cell under SnF»> doping by using magnetic field effects of Jsc, namely
magneto-Jsc. Our early studies have shown that magneto-Jsc can be observed in hybrid perovskite
solar cells when an external magnetic field can disturb the intersystem crossing from optically
generated bright states (J = 1) into dark states (J = 0).2° Essentially, magnetic field effects of Jsc is
established when an external magnetic field competes with intrinsic SOC towards controlling the

intersystem crossing from optically generated bright states to dark states.?’ If an external magnetic
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field is not able to compete with intrinsic SOC, magneto-Jsc become negligible. If an external
magnetic field is able to compete with intrinsic SOC, magneto-Jsc can then be observed. Therefore,
magneto-Jsc can reflect intrinsic SOC characteristics. Here, the line-shape of magneto-Jsc
characterized by internal magnetic parameter (Bo) can be used to estimate the intrinsic SOC.
Large/small internal magnetic field (Bo) provides high/low resistance for magnetic field to change
the intersystem crossing. Therefore, when the intersystem crossing becomes higher, it is more
difficult to disturb the equilibrium between optically generated bright states to dark states,
broadening the line-shape in magneto-Jsc characteristics. We can see in Figure 3-2 that magneto-

photocurrent shows narrower and broader line-shapes before and after the SnF, doping. By using

AJsc(B) B
Jsc(0)  (IB|+Bg)?’

the non-Lorentz equation the curve fitting shows that the internal magnetic

parameter By increases from 76 mT to 201 mT in the FASnI>Br upon doping SnF». This provides
a further information that the SnF> doping can indeed increase the intrinsic SOC upon increasing
the orbit-orbit interaction through orbital magnetic dipoles in Sn perovskite (FASnl,Br). Here, it
should be clarified that the SOC can generally exist in both ground and excited states. The SOC in
ground states is irrelevant to the situation before applying photoexcitation. In our work, we focus
on the SOC in excited states. Our AJsc results upon switching photoexcitation between linear and
circular polarizations (Figure 3-1b) indicates that the SOC in excited states contains the
contribution from orbit-orbit interaction. This is reflected by the different populations of bright
and dark states under linearly and circularly polarized photoexcitations at same intensity, observed

as AlJsc phenomenon.

Note that, the SnF> doping has been used as a common procedure to enhance the
photovoltaic efficiency in Sn perovskite solar cell by passivating the grain boundary defects and
stabilizing morphological structure. The concentration of SnF» doping is optimized in view of best
photovoltaic performance as shown in Figure 3-3 and Table 3-1. Here, the doping concentration
was tuned from 0% to 20%. Obviously, the SnF> is proved to be beneficial for achieving high
device performance, through enhancing all three photovoltaic parameters: Jsc, Voc and FF.
Especially, the optimal concentration is 10%, which is the best choice for evaluating the doping
induced orbit-orbit interaction. Figure 3-4a shows the current-voltage (I-V) characteristics for the
device [ITO/PEDOT:PSS/perovskite/PCs1BM/PEI/Ag] with (10%) and without SnF» doping. As

summarized in Table 3-2, doping the SnF can largely increase the device efficiency from 2.07 %
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Table 3-1. Photovoltaic parameters for FASnl>Br perovskite solar cells with different doping
concentration of SnF».

Doping
concentration  Jsc (mA/cm?) Voc (V) Fill factor (%) PCE (%)
0% 14.87 0.27 51.5 2.07
5% 17.13 0.47 59.5 4.79
10% 19.82 0.60 64.0 7.61
20% 17.89 0.65 61.4 7.10
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Figure 3- 4 Photovoltaic performance of Sn perovskites with and without SnF> doping. (a)
Current-voltage characteristics measured under 1 sun condition for Sn solar cell

[ITO/PEDOT:PSS/FASnLBr/PCsiBM/PEI/Ag]. (b) EQE spectra.
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Table 3-2. Photovoltaic parameters for doped and undoped Sn perovskite solar cells.

Jsc (mA/ecm?)  Voc (V)  Fill factor (%) PCE (%)

W/o doping 14.87 0.27 51.5 2.07
With doping 19.82 0.60 64.0 7.61
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to 7.61 %, the Jsc from 14.87 mA/cm? to 19.82 mA/cm?, Voc from 0.27 V to 0.60 V, and fill factor
from 51.5 % to 64.0%. The maximal value of external quantum efficiency (EQE) increases from

64.0% to 86.5%, according to Figure 3-4b upon the SnF> doping at a concentration of 10%.

To get further insight of the dynamical excited states spin conversion development during
efficiency improvement by doping method. We first evaluate the density of defects in Sn
perovskite (FASnl:Br) upon SnF> doping. The impedance studies show that the SnF> doping
largely decreases the shallow defects in the FASnI,Br (Figure 3-5a). The density of defects is
decreased by a magnitude of 1 at the doping concentration of 10 %. We also conducted the time-
resolved photoluminescence characteristics to understand the carrier recombination dynamics in
FASnI;Br films with and without SnF> doping. As shown in Figure 3-5b and Table 3-3, the PL
decay traces are fitted with bi-exponential law and prolonged PL lifetime with much boosted
bimolecular recombination are observed after SnF> doping which further proves that the doing

effects indeed largely decease defect density.

In general, excitons are the primary excited states generated in hybrid perovskites under
photoexcitation. Because an exciton carries both orbital and spin momentums, the exciton-exciton
interaction can be developed through orbital polarizations and orbital magnetic dipoles, leading to
two-types of orbit-orbit interactions between excitons, namely electric-type orbit-orbit interaction
dominated by orbital polarizations and magnetic-type orbit-orbit interaction dominated by orbital
magnetic dipoles within grains in hybrid perovskite films, as schematically illustrated in Figure
3-6a. We should note that, when the internal polarization from dipolar and ionic polarization
provides a Coulomb screening effect, the electric-type orbit-orbit interaction can be suppressed.
In this case, the magnetic-type orbit-orbit interaction through orbital magnetic dipoles becomes a
dominant component in the interaction between excitons. Because the orbital magnetic dipoles
can function as the basic mechanism to flip the spins, the magnetic-type orbit-orbit interaction can
essentially increase the intersystem crossing from optically generated bright (J = 1) states to dark
(J = 0) states, changing the populations on bright and dark states. Based on allowed and forbidden
recombination, dark and bright states can have higher and lower probabilities to dissociate into
free charge carriers, leading to larger and smaller Jsc values. The magnetic-type orbit-orbit
interaction can be identified as +AJsc upon switching the photoexcitation from linear to circular

polarization.?® On the other hand, when the internal polarization does not cause an appreciable
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Figure 3- 5 Reduced defect density through SnF> doping. (a) Density of trap states (tDOS)
deduced from C-f and C-V data at room temperature for doped and undoped devices. (b) Time-
resolved photoluminescence characteristics of FASnI;Br films with and without SnF> doping and

the solid lines are obtained by fitting the decay traces with a bi-exponential law. The fitted data

are shown in Table 3-3.
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Table 3-3. Fitted parameters of PL lifetime for FASnI,Br films with and without SnF, doping.

Samples t1 (ns) ratio t2 (ns) Ratio tav (nS)
With doping 1.4 45% 3 55% 2.3
Without doping 0.7 99% 3.9 1% 0.8
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Figure 3- 6 Schematic drawing to show the doping effects on orbit-orbit interaction.
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Coulomb screening effect, the electric-type orbit-orbit interaction through orbital polarization
becomes a dominant component in the interaction between excitons. In this case, the interaction
between orbital polarizations plays an important role to determine the exciton dissociation. This
can be identified as a -AJsc upon switching the photoexcitation from linear to circular
polarization.?®

[ITO/PEDOT:PSS/perovskite/PCs1BM/PEI/Ag] by switching the photoexcitation from linear to

Here, we observed a +AJsc in Sn perovskite soar cell

circular polarization. This +AJsc indicates that the magnetic-type orbit-orbit interaction dominates
the interaction between excitons in Sn perovskite. More importantly, we found that the SnF»
doping can largely increase the magnetic-type orbit-orbit interaction between excitons, according
to doping-decreased AJsc results shown in Figure 3-1b. This indicates that, when the SnF, doping
passivates the grain boundary defects, the interaction between orbital magnetic dipoles can be
increased within grains in Sn perovskite film. This means that the charged defects can partially
destroy the interaction between orbital magnetic dipoles between excitons. Decreasing the charged
defects can essentially increase the interaction between orbital magnetic dipoles, increasing the
SOC in Sn perovskite solar cell, as schematically illustrated in Figure 3-6b. Furthermore, other
additives such as NH4SCN have been reported to manipulate the local crystalline structures of Sn

124,128

perovskite film , which may also suppress the charged defects at the grain boundaries and

deserve further investigations in the future.

3.5 Summary

In summary, our studies show that the exciton-exciton interaction is occurred in lead-free
Sn perovskite solar cell, identified by +AJsc upon switching the photoexcitation from linear to
circular polarization. This magnetic-type orbit-orbit interaction provides a spin flipping
mechanism to convert optically generated bright states to dark states in Sn perovskite. Because
allowed and forbidden recombination, increasing the intersystem crossing from optically
generated bright states to dark states can lead to an increase on Jsc. More importantly, we found
that, when the SnF> doping is used to enhance the photovoltaic efficiency from 2.07 % to 7.61 %
in Sn perovskite solar cells, the magnetic-type orbit-orbital interaction can be largely increased by
a factor of 2.2, shown as the decreased AJsc from 1.21 % to 0.55 %. Simultaneously, our magneto-
Jsc results indicate that increasing the magnetic-type orbit-orbit interaction can directly increase

the SOC in Sn perovskite. Our analysis indicates that the charged defects can suppress the
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interaction between orbital magnetic dipoles within grains in Sn perovskite. When the charged
defects are decreased by SnF> doping, the magnetic-type orbit-orbit interaction can be
consequently increased while the photovoltaic efficiency is enhanced. This presents a new
phenomenon occurring in Sn perovskite solar cell when doping is used to enhance the photovoltaic

efficiency.
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Chapter 4 Slow hot-carrier cooling and long-order orbital
interaction enabled by uniformly arranging different-n-

value nanoplates in quasi-2D perovskites

61



4.1 Abstract

Long-chain organic ligands are frequently incorporated to halide perovskites to form
different-n-value nanoplates, leading to improved environmental stabilities and substantially
enriched optoelectronic properties. This paper reports that uniformly arranging different-n-value
nanoplates can lead to slow hot-carrier cooling and long-order orbit-orbit interaction in quasi-2D
perovskites. Specifically, when the different-n-value nanoplates are uniformly arranged in quasi-
2D perovskite (PEA2MA4Pbslis) by enforcing the crystallization with our vacuum-poling
treatment, a slow cooling of hot carriers is clearly observed within the time window of 200 ps
shown in transient absorption (TA) dynamics, leading to long-lived hot carriers. This slow hot-
carrier cooling presents the signature of large polarons occurring in quasi-2D perovskite film by
uniformly arranging different-n-value nanoplates. Furthermore, when the slow hot-carrier cooling
is occurred, the orbit-orbit interaction is dominated by orbital polarizations, indicating that large
polarons can enable a long-order orbital interaction. With the slow hot-carrier cooling and long-
order orbital interaction, the quasi-2D perovskite demonstrates superior transport shown by high

fill-factor values in solar cell at different carrier densities by varying light illumination intensity.

4.2 Introduction

Slow hot-carrier cooling is an interesting phenomenon towards controlling carrier transport
and excited states dynamics in semiconductors. In conventional semiconductors, the hot-carrier

129-131

cooling is normally occurred rapidly within 10s-100s of femtoseconds . Interestingly, in

hybrid perovskites, the hot-carrier cooling can be significantly slowed down to hundreds of
picoseconds, indicating the formation of large polarons within crystalline structures 22~ 134,
Essentially, polarons are formed when electrons are coupled with phonons within a crystalline
lattice through electron-phonon interaction. Normally, soft materials such as organic molecules
can conveniently form polarons with spatially extended wavefunctions due to the nature of low
dielectric constants that can initiate a strong interaction between electrons and local molecular
vibrations'?>. Interestingly, the hybrid perovskites, known as high-dielectric materials are still
formed with large polarons within organics mediated inorganic periodic structures. It has been
found that large polarons can play dual important roles in developing optoelectronic properties in

hybrid perovskites. First, it has been found that large polarons can cause a shielding effect on

Coulomb scattering from lattice vibrations, consequently leading to defects-tolerable superfluid-
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type transport towards developing high-performance devices'*¢. Second, the large polarons are
accompanied with slow hot-carrier cooling through phonon-modulated electron relaxation in
conduction band. This presents a possibility to break Schockley-Quisser limit of photovoltaic
efficiency in perovskite solar cells'*’13%. In general, large polarons can be quickly formed within
femtoseconds and spatially extend to a few nanometer scales, functioning as metastable states with
spatially extended wavefunctions, in hybrid perovskites'*’. This leads to a hypothesis that large
polarons can develop a long-order orbit-orbit interaction, presenting a new tuning mechanism on

the optoelectronic properties in hybrid perovskites.

In this work, we explore both slow hot-carrier cooling and orbit-orbit interaction in quasi-
2D perovskites while controlling the dispersion of different-n-value nanoplates. It is known that
incorporating the long-chain organic ligands into halide perovskites can effectively passivate the
grain boundary defects by bonding with the grain surface dangling bonds '#!"'4*, When introducing
the long-chain organic cations such as phenethylammonium (PEA") into MAPbI; halide
perovskites, different-n-value 2D (PEA>2MA,..1Pbalsn+1 RPP) nanoplates are naturally formed with
different amount of PEA". Thus, tuning the dispersion of PEA" to control the dispersion of
different-n-value RPP nanoplates provides a convenient way to regulate the localized dielectric
environment and defect screening. Here, hot-carrier cooling was studied by monitoring the
relaxation of band-to-band transition in light-emitting centers, named as largest-n-value nanoplates
by using pump-probe transient absorption. The orbit-orbit interaction was explored by
characterizing photocurrent density (Jsc) while optically operating orbital polarization and

magnetic dipoles with linearly and circularly polarized photoexcitations.

4.3 Materials and Methods

4.3.1 Materials Processing and Device Fabrication

The quasi-2D perovskite solar cells are fabricated with the same device architecture
following our previous procedure. The quasi-2D perovskite films with transport layers are
prepared by spin-coating PTAA (3mg/ml, toluene) or PCs1BM (20mg/ml, chlorine) onto fully
annealed perovskite layers at the speed of 2000 rpm for 50 s. Then the film with transport layers

are thermally annealed at 60 °C for 10 minutes at a hot plate.

63



4.3.2 Characterizations and Measurements

The current-voltage (I-V) characteristics were recorded using Keithley 2400 source meter
by using Keithley 2400 source meter under the illumination of AM 1.5G 100 mW/cm? from
Newport solar simulator. The light illumination intensity is tuned by neutral density filters and
calibrated by a Commercialized silicon reference cell. Transient absorption spectra were obtained
by a Helios fire spectrometer (Ultrafast Systems LLC). The pump pulses of 343nm (28uW) were
generated by a harmonic generator (Ultrafast Systems LLC, third harmonic), which was pumped
by a Pharos laser (Light Conversion, 1kHz, 1030nm, 290fs). The 343 nm pump beam was focused
into a point with the diameter of ~100 um. The circularly polarized light was generated from
linearly polarized 405 nm CW laser beam perpendicularly through a A/4 wave plate to setup
photoexcitation polarization-dependent photocurrent measurement, as shown in our previous work
(). The setup for photoexcitation polarization-dependent photocurrent measurement was calibrated
by commercial silicon solar cell to ensure the same intensity between linear and circular

photoexcitations in optical path.

4.4 Results and Discussion

As schematically shown in Figure 4-1a, the uniform dispersion of RPP nanoplates is
realized by using our previously reported vacuum poling technique!®’, which facilitates the
nucleation of the spin-cast liquid film prior to crystallization by instantaneously pump out the
remanent solvent toward realizing uniform dispersion of different-n-value nanoplates. Specifically,
with the uniform dispersion, all the small-n-value nanoplate have opportunities to directly contact
with the largest-n-value nanoplates. And the charge transfer between different-n-value nanoplates
occurs via two steps. First, the charge carriers from wide-bandgap small-n-value nanoplates are
directly cascaded to adjacent narrow-bandgap largest-n-value nanoplates duo the ladder-like
energy diagram Second, the largest-n-value nanoplates can serve as transport highway network
to further bring the charge carriers to electrodes for collection. The uniform dispersion of different-
n-value nanoplates and efficient charge transfer based on such dispersion are proved by
systematical characteristics such as tape peeling based photoluminescence monitoring, energy-
dispersive X-ray spectroscopy analysis and transient absorption comparison between bottom and
top surfaces in our previous work!'*>. As shown in Figure 4-1b, based on the efficient charge

transfer through uniformly arranging different-n-value nanoplates, the quasi-2D perovskite solar
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Figure 4- 1 Schematic diagram and optical characteristics of quasi-2D perovskite solar cells with

uniformly dispersed nanoplates. (a) Spatial arrangement of uniform dispersed nanoplates. (b)

Current-voltage characteristics for device with uniformly distributed nanoplates.
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cell with a device architecture of ITO/PTAA/PEA>2MA,.1Pbulzn+1/PCsiBM/PEI/Ag exhibit an
excellent power conversion efficiency (PCE) of 18.69% with Voc = 1.215 V, Jsc = 19.24 mA/cm?
and FF = 79.96 %. The relatively low short circuit photocurrent is limited by the insulting nature
of the PEA" ligands. And the high open circuit voltage and fill factor together with the minor
hysteresis between forward and reverse scans further indicate that the quasi-2D perovskite films

is of high quality and efficient charge transportation.

Next, we explore the dynamics evolution of excited states during the development of
photovoltaic actions. As discussed previously, the long-live hot carriers imply the existence of a
large polaron that can be considered as an electron carrying a spatially extended wavefunction,
which provides the precondition for the formation of long-order orbital interaction between excited
states. Here, transient absorption (TA) characteristics are carried out to track hot carrier dynamics
in the uniform dispersed quasi-2D perovskite films. It is shown in Figure 4-2a that the film
experience charge transfer process from small to large-n nanoplates during the delay time between
0.5-10 ps. The charge transfer process is effectively finished at around 7 ps, then the carriers that
are transferred to largest n nanoplates experience a very slow hot carrier cooling process (shown
in Figure 4-2b). The hot carrier cooling dynamics is obtained by tracking the PB peak energies at
different delay time. As shown in Figure 4-2¢, very slow hot carrier cooling process for uniformly
dispersed quasi-2D perovskite films was observed. With exponential fitting, the uniformly
dispersed film shows much longer cooling time of 91.7 ps. The significantly slowed down cooling

process implies large volume polaron exists in the uniformly dispersed quasi-2D perovskite film.

In order to figure out which type of carriers responsible for slow hot carrier cooling, i.e.
hot electrons or hot holes, we characterized the TA dynamics of our quasi-2D perovskite films
after spin-casting an electron transport layer (ETL, Bphen) or a hole transport layer (HTL, PTAA).
Both ETL and HTL were coated onto the perovskite layer, which enables the same crystallinity of
quasi-2D perovskite films in different samples. As shown in Figure 4-2¢, with an ETL, the
perovskite film shows hot carrier cooling lifetime of 69.2 ps, which is faster than the film without
coating transport layer. Since the electrons in the conduction band of perovskite can be extracted
by ETL, the reduction of electrons is facilitated. Therefore, the faster cooling of hot carriers
induced by ETL indicates that the hot carriers are electrons. To further verify our analysis, we

characterize the TA dynamics of perovskite film after coating a HTL, which is used to extract
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Figure 4- 2 Transient absorption (TA) spectra for quasi-2D perovskite (PEA>MA4Pbslis) films
with ordered and uniform distributed nanoplates. (a) TA spectra with delay time between 0.5-10
ps for films with uniformly distributed nanoplates. (b) TA spectra with delay time between 10-
1000 ps for films with uniformly distributed nanoplates. (c) Dynamical changes of photoexcited
carrier energy as a function of delay time for films of perovskite only (black), perovskite/PTAA

(red) and perovskite/PCs1BM (blue).
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holes in the valance band. Interestingly, the hot carrier cooling lifetime is prolonged to 118.9 ps,
which is much slower than the film without coating transport layer. Owing to the reduction of
holes, the recombination loss will be reduced, leading to accumulation of electrons in the
conduction band. The slowed hot carrier cooling feature proves that electrons in our perovskite

films serve as hot carriers.

As schematically shown in Fig 4-3, the hot electrons in the conduction band can couple
with surroundings to form polarons, leading to more extended wavefuctions as compared with free
electrons. Therefore, the polarons are more difficult to be relaxed to the conduction band minimum,
which results in prolonged cooling lifetime. Besides, it’s known that polaron actually is an excess
electron/hole dressed by polarization from nuclear coordinates, and large volume polarons are
formed when long range Coulomb potential dominates. And the large volume polarons can be
delocalized among multiple unit cells and is dynamically coherent. Thus, with the large volume
polaron observed, higher orbital interaction is expected, which can be originated from long-order

orbital interactions between polarizations in uniformly dispersed quasi-2D perovskite film.

As previously reported!®!9-2%146  photoexcitation polarization-dependent photocurrent is
used to further characterize the orbital interaction of the quasi-2D perovskite film with uniform
arranged nanoplates. Figure 4-4a shows that switching the photoexcitation from linear to circular
polarization at the same intensity causes negative changes on Jsc in uniformly dispersed quasi-2D
perovskite solar cells, leading to -AJsc phenomenon. Here, -AJsc represents long-order orbit-orbit
interactions based on the following analysis. A linearly polarized photoexcitation, combining left-
hand (c") and right-hand (c") polarized lights, excites the orbitals with opposite-directional orbital
magnetic dipoles, which enables increased spin flipping from bright states to dark states through
long-order orbital interaction as illustrated in Figure 4-4b and 4¢. Clearly, the quasi-2D perovskite
films demonstrate long-order Coulomb interactions in the situations with uniformly dispersed RPP
nanoplates, according to the observed -AJsc phenomenon. Particularly, this long-order Coulomb
interaction provides an opportunity to enhance the spin mixing from bright states to dark states in

the development of photovoltaic action in quasi-2D perovskites.

We should note that, large polarons enable more spatially extended wavefunction, resulting
in efficient charge dissociation and transport regardless of external electric field. Thus, hign FF

can be achieved, as evidenced by Figure 4-1b where uniform dispersed different-n-value
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Figure 4- 4 Photocurrent change (AJsc) measured by switching photoexcitation from linear to
circular polarization and principle diagrams to show long-order orbital interaction. (a) -Alsc
observed from device prepared with uniformly distributed nanoplates to indicate long-order orbit-
orbit Coulomb interaction. (b) Short-order orbital interactions between magnetic dipoles under
circular photoexcitation. (c) Long-order orbital interactions between polarizations under linear

photoexcitation.
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nanoplates are demonstrated toward large polarons and long-lived hot carriers. We further
compared current-voltage behaviors of the uniformly dispersed quasi-2D perovskite solar cells at
different photoexcitation intensities to get further insight of significantly improved fill factor. As
shown in the Figure 4-5 and Table 4-1, for the uniform dispersed quasi-2D perovskites based
solar cells, with decreasing the light illumination intensity, the Jsc continuously decreases
accompanied with a small reduction of Voc. While the fill factor remains and even higher values
of 83.70% at 0.1 sun illumination are obtained as compared with 77.31% at 1 sun illumination.
Therefore, upon forming large polarons with enabled long-order orbit-orbit interaction, high fill
factor independent of light illumination and the field-independent photocurrent are observed in
quasi-2D perovskite solar cells with uniform dispersed different-n-value nanoplates. With the
formation of large polarons with enabled long-order orbit-orbit interaction, reduced screening
effects and aligned orbital polarization are expected, leading to enhanced charge transport and

dissociation.

4.5 Summary

In summary, we explored long-order orbit-orbit interactions by using uniform dispersions
of RPP nanoplates in quasi-2D perovskite (PEA)2(MA)4Pbslis) films. The uniform dispersion of
nanoplates can contribute to long-order orbital interactions, which lead to the large volume
polarons from the transient absorption characteristics. Specifically, our photoexcitation
polarization-dependent photocurrent studies found that the uniformly dispersed film leads to a
long-order orbit-orbit interaction through reduced scattering. This was drawn by the experimental
observation where switching the photoexcitation from linear to circular polarization leads to a -
AlJsc in uniformly dispersed quasi-2D perovskite films. The long-order orbit-orbit interaction
provides a fundamental possibility to boost spin mixing from the bright states (spin allowed to
recombine towards light emitting actions) to dark states (spin forbidden to recombine, tending to
dissociate towards photovoltaic actions) towards boosting photovoltaic performance in quasi-2D
perovskite films. Therefore, the long-order orbit-orbit interaction presents a new strategy to
facilitate dynamical spin conversion of excited states during the development of photovoltaic

actions.
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Figure 4- 5 J-V curves at different light illumination intensities from 1 sun to 0.1 Sun conditions

for devices with uniform dispersion.
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Table 4-1. Photovoltaic parameters for perovskite solar cells with uniform dispersion at different

sun conditions.

Sun conditions Jsc (mAecm?)  Voc (V) FF PCE
1 Sun 19.24 1.215 79.96% 18.69%
0.8 Sun 14.58 1.207 80.91% 14.24%

0.5 Sun 9.19 1.203 80.74% 8.93%
0.25 Sun 4.67 1.182 80.25% 4.43%
0.1 Sun 1.91 1.159 83.70% 1.85%
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Chapter 5 Uniform permutation of quasi-2D perovskites by

vacuum poling for efficient, high-fill-factor solar cells
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5.1 Abstract

The vertically ordered (small-to-large n) quasi-2D perovskite films are served as common
approaches to facilitate directional charge transfer. Here, we report a different strategy of
uniformly arranging different-n-value nanoplates (PEA2MAu.1Pbulsn+1) by introducing vacuum
poling treatment to enforce nucleation during crystallization. This uniform distribution is verified
by delicate mechanical tape-peeling method while monitoring optical absorption,
photoluminescence (PL) and energy dispersive X-ray spectroscopy (EDS). With uniform
distribution, efficient carrier transfer within 10 picoseconds is revealed by transient absorption.
Moreover, record-high fill factor (FF) of 82.4 % with power conversion efficiency (PCE) of 18.04%
(Voc =1.223V, Jsc =17.91 mA/cm?) were demonstrated. Superior stability is achieved with
retaining 96.1% of initial efficiency after 8-month storage, and maintaining 97.7% at 80 °C for
over 180 h. This uniformly arranging different-n-value nanoplates offers a new material
engineering strategy to enhance carrier transfer and extraction for developing high-efficiency and

stable quasi-2D perovskite solar cells.

5.2 Introduction

Incorporation of long-chain organic ligands A’ has improved the optoelectronic

147-152 63-65,153

performance and stabilities of perovskites by forming quasi-2D structures with the
formula of A’2An.1MnXsnt1, where n refers to the number of planes of the corner-sharing [MX]*
octahedral, and A, M, X refer to the monovalent cations, divalent metal cations and halide anions,
respectively. Remarkable tunability on optical properties via controlling morphological structures
by selecting different functional A/A’ molecules has been shown to be a unique feature for quasi-
2D perovskites.*®153-155 However, with the incorporation of long chain insulating organic ligands,
carrier transport becomes a limiting factor to develop the optoelectronic properties. Vertically
ordered small-n-value to large-n-value nanoplates between bottom and top surfaces of the quasi-
2D perovskite films are normally self-assembled based on unequal growth rates of different-n-
value nanoplates, in which different amounts of organic ligands such as PEA" act as a barrier for
mass transfer towards crystallization during thermal annealing.!#’-!%6-15% Interestingly, such
ordered n value dispersion in quasi-2D perovskite films provides an energy-cascade process to
simultaneously transfer electrons and holes, and consequently enhancing carrier transport. !>1:15%

161 This vertically ordered nanoplates of different n values have been shown to be the primary
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strategy to enhance photovoltaic and light-emitting performance in quasi-2D
perovskite devices. In the present work, we demonstrate a uniform dispersion of different-n-value
nanoplates as a new strategy to enhance the optoelectronic properties of quasi-2D perovskites by
using our vacuum poling treatment. Different from reported vacuum assisted annealing method,
163,164 e developed our vacuum poling treatment to enforce nucleation during crystallization,
leading to uniform dispersion of different-n-value nanoplates. With this new design, the charge
transfer and carrier extraction are further improved towards developing high-performance quasi-

2D perovskite solar cells. This work has been published (Joule 3, 3061-3071, 2019).

5.3 Materials and Methods

5.3.1 Materials Processing and Device Fabrication

The ITO substrates were cleaned by ultrasonic treatment with detergent, deionized water,
acetone and isopropanol, subsequently, for 20 minutes in each cycle. After cleaning, the ITO
substrates were exposed to UV ozone for 30 minutes and followed by spin-coating PEDOT: PSS
with the thickness of 40 nm or PTAA with the thickness of 10 nm. The PEDOT: PSS (Clevious
PVP AI4083) films coated at the rate of 4000 rpm for 1 minute were thermally annealed at 150 °C
for 0.5 h; the PTAA (1.5 mg/mL in toluene) was spin-cast at the rate of 2000 rpm for 1 minute

followed by thermal annealing at 110 °C for 10 minutes.

The precursor solution of with the target of <n>=5 quasi-2D perovskites was prepared by
the mixture of PEAI:MAI:Pbl,:PbCl, with molar ratio of 0.4:0.9:0.95:0.05 in mixed solvent of
DMF:DMSO (9:1 vol). The stoichiometric ratios to prepare <n>=4 and <n>=3 perovskites are
0.5M (PEAI): 0.85M (MAI): 0.95M (Pblz): 0.05M (PbCl2) and 0.67M (PEAI): 0.77M (MAI):
0.95M (Pbl2): 0.05M (PbCl), respectively. It should be noted that in-situ MACI additives were
introduced through the reaction of 0.05PbCl> + 0.1MAI = 0.05Pbl; + 0.IMACI for better
crystallization and improved film quality. '®>-1% During the crystallization, different n-value
nanoplates are co-grown to form quasi-2D perovskite films during spin-coating. The
concentrations for perovskite precursor solutions used for the PEDOT: PSS and PTAA based
devices were 1 M and 0.7 M of Pb?*, respectively. All precursor solutions (200uL) were spin-cast
on the preheated substrates (100 °C for over 20 min) at the rate of 5000 rpm for 20 s, followed by

vacuum poling of 8 minutes in a vacuum chamber where the gage pressure is quickly reduced to -

76



1 bar within 14 s to initiate vacuum poling effects. It should be noted that to delay the
crystallization during the spin-coating process, in situ MACI and additional DMSO were
intentionally introduced in the precursor solution. Moreover, before starting spin-coating, we
dropped large amount of cold precursor solution (200 pL) onto preheated substrate (1.5 cm x 1.5
cm) to further delay crystallization during the spin-coating. After thermal annealing, all samples
including quasi-2D perovskites prepared with and without vacuum poling were thermally annealed
at 100 °C for 10 minutes. The electron transport layer phenyl-Cei-butyric acid methyl ester
(PCs1BM, 20 mg/mL in chlorobenzene) was spin-cast on top of perovskite films at 2000 rpm for
50 s and kept in dark for at least 60 mins before the coating of an interface-modifying layer PEI
(0.5mg/mL, in anhydride 2-Propanol) at 5000 rpm for 60 s. Finally, these films were transferred
into a thermal evaporator for the deposition of 90-nm-thick silver electrodes under a vacuum of
2x10* Pa. The 3D-only perovskite control devices are fabricated with the same device architecture

following our previous procedure.'’

5.3.2 Characterizations and Measurements

For tape peeling method, the thicknesses for unpeeled and peeled films are ~300 nm and
~25 nm for quasi-2D perovskite film, confirmed by atomic force microscopy (AFM). For NMR
measurement, solvent Dimethyl sulfoxide-d6 (DMSO-D6) was purchased from commercial
vendors and used without further purification. 'H spectra were recorded at ambient temperature on
a JEOL 400YH spectrometer, and '"H NMR chemical shifts were referenced to the residual solvent.
For SEM-EDS Mapping, scanning electron microscope (SEM) Energy-dispersive X-ray
spectroscopies (EDS) mapping’® was conducted on a Hitachi High-Technologies TM3030Plus
SEM microscope at 15 kV.

Transient absorption spectra were collected by using a Helios fire spectrometer (Ultrafast
Systems LLC). The pump pulses (346 nm, SuW) were generated through a harmonic generator
(Ultrafast Systems LLC, third harmonic) pumped by a Pharos laser (Light Conversion, 1kHz,
1030nm, 290fs). The 346 nm pump beam was focused into point on the samples with the diameter

of ~100 pum.

The device active area is 0.06 cm?, which is realized by shadow mask. The current-voltage

(I-V) characteristics of the solar cells were measured by scanning the voltage from -0.1 to 1.25 V
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(forward scan) and then from 1.25 to -0.1 V (reverse scan) with 0.68 mV step and NPLC=0.001.
The I-V characteristics were recorded by using Keithley 2400 source meter under the illumination
of AM 1.5G 100 mW/cm? from Newport solar simulator calibrated by a silicon reference cell.
Operational stability tests were operated under constant bias at maximum power point in nitrogen
glove-box. Thermal stability tests were operated by placing the device on the hotplate with

temperature at 80 °C.

The absorption spectrum is measured with an integrating sphere system (R7, ideaoptics,
China) equipped with spectrometers (PG2000-Pro, NIR1700, ideaoptics, China). The external
quantum efficiency (EQE) spectra were measured by subjecting the cells to a monochromatic
illumination (300 W Xe lamp passing through a monochromator and appropriate filters). The light
intensity was calibrated by a standard Si based photodetector (DET100A, 350 nm-1100 nm, Thor
Labs). The light beam was chopped at 230 Hz and the response of the cell was acquired by a
Stanford Research SR830 lock-in amplifier. The PL lifetimes were measured by Streak camera
(HAMAMATSU C10627) by exciting the samples with a 346 nm pulse laser (300 fs per pulse)
generated by noncollinear optical parametric amplifier (NOPA) seeded by the second harmonic of
a Yb-doped fiber laser (TANGERINE, Amplitude System) with 50 kHz repetition rate and the
average power of 10 uW.

5.4 Results and Discussion

As schematically shown in Figure 5-1a, the precursor solutions with the stoichiometry
designed to <n> = 5 are first spin-cast on pre-heated substrates to form high density of nucleus.
Then the films are immediately placed in a chamber for 8 minutes with the gage pressure quickly
decreasing to -1.0 bar. Here, applying vacuum poling treatment can simultaneously increase the
nucleation and limit the grain sizes by quickly removing residual solvent towards realizing uniform
dispersion of different-n-value nanoplates. Afterwards, thermal annealing is followed to further
crystallize the 2D nanoplates at 100 °C for 10 minutes in N> atmosphere. Consequently, high-
quality quasi-2D perovskite films are formed with uniform dispersion of different-n-value
nanoplates. The competition between crystallization and nucleation process during vacuum poling
treatment is verified by absorption and photoluminescence (PL) results (see Figure 5-2). On
contrast, without vacuum poling treatment, the un-accelerated nucleation leads to the

crystallization to form nanoplates with small n values on the bottom surface and large n values
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Figure 5- 1 Schematic diagram of film fabrication procedure and tape peeling-based
photoluminescence (PL) characterizations of quasi-2D perovskite films prepared with and without
vacuum poling treatment. (a) Schematic diagram to show processing methods with and without
vacuum poling treatment to prepare quasi-2D perovskite films. (b) Schematic drawing to illustrate
our tape-peeling method, to mechanically detach monolayers from quasi-2D perovskite films,
while subsequently measuring PL spectra. (c¢) PL spectra measured before and after peeling for
<n>=5 quasi-2D perovskite films prepared with and without vacuum poling treatment. (d), (e)
Schematic diagram to indicate uniform (d) and ordered (e) formation of different-n-value

nanoplates in quasi-2D perovskite films prepared with and without vacuum poling treatment.
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Figure 5- 2 Absorption and photoluminescence (PL) results of films (<n>=5) right after different
vacuum-poling-treated times before thermal annealing. (a) Absorption evolution induced by
vacuum poling treatment and thermal annealing. With nucleation prior to full crystallization, the
absorbance remains very low before annealing. After annealing, absorption become increased,
showing full crystallization. (b) Normalized PL spectra of films after different vacuum-poling-
treated times. There is a red shift as vacuum-poling-treatment time increases, indicating the further
formation of large-n-value nanoplates. (c) Spectral width (FWHM) of films as a function of
vacuum-poling-treated time. All the vacuum-poling-treated films without annealing show broader
spectral width than annealed film due to inhomogeneous disorder from insufficient crystallization.
(d) Transient PL results of perovskite films before (black curve) and after (red curve) annealing.

After fully crystallization, the annealed film (red recurve) shows much longer lifetime.

80



towards the top surface, creating vertically ordered (small-to-large n) dispersion of nanoplates in

quasi-2D perovskite films under thermal annealing.

To reveal the uniform dispersion of different-n-value nanoplates between bottom and top
surfaces in quasi-2D perovskite films induced by vacuum poling treatment, we developed a
delicate tape-peeling method (Figure 5-1b, the thicknesses for unpeeled and peeled films are ~300
nm and ~25 nm), to mechanically detach the multiple monolayers of nanoplates from top surface
subsequently towards bottom surface while monitoring PL, as shown in Figure 5-1c. With
mechanically tape peeling method, very similar PL spectra with dominated peak at 740 nm is
observed after peeling off multiple monolayers of nanoplates from top surface towards bottom
surface. These provide additional evidence of uniform distribution of nanoplates within quasi-2D

perovskite films prepared with vacuum poling treatment.

On contrast, without vacuum poling treatment, the formation of an ordered distribution of
nanoplates with small-n value towards the bottom and large-n value towards the top are suggested.
Meanwhile, with mechanically tape peeling method, very different PL spectra (see down figure of
Figure 5-1¢) are observed: the dominant PL peak locates at 778nm related to large-n-value
nanoplates before peeling and 519nm related to small-n-value nanoplates after peeling, further
proving the existence of ordered distribution of nanoplates. In addition, it should be noted that the
coexistence of multiple PL peaks indicates that the charge transfer is not efficient between
nanoplates with ordered-n-value dispersion. The spatial distribution of different n-value

nanoplates are illustrated in Figure 5-1d and 1e.

To discuss the dynamics of charge transfer in quasi-2D perovskite films, transient
absorption (TA) measurements were carried out. With vacuum poling treatment, the TA measured
through top and bottom show similar characteristics as shown in Figure 5-3a, further verifying
the uniform dispersion of different-n-value nanoplates. Without vacuum poling treatment, the TA
measured through top and bottom show very different characteristics (see Figure 5-3b), verifying
smaller-n-value and larger-n-value nanoplates are distributed towards bottom and top, respectively.
This is consistent with the publication of other ordered quasi-2D perovskite films.!>® Moreover,
TA dynamics at wavelengths at 534 nm, 567 nm, 609 nm and 724 nm (or 750 nm) correspond to
signals from small-n-value to largest-n-value nanoplates are plotted in Figure 5-3c and 3d. It is

shown that vacuum poling treatment leads to a fast increment within 10 ps on the negative AA/A
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Figure 5- 3 Transient absorption (TA) spectra at different delay times (-10 ps, 1 ps, 2ps, S5ps, 10
ps, 20 ps, 50 ps, 100 ps) and dynamics of quasi-2D perovskite (<n>=5) films when exciting through
top (upper figures of a and b) and bottom (down figures of a and b). The wavelengths at 534 nm,
567 nm, 609 nm and 724 nm (750 nm) Correspond to Signals from Small-n-value to Largest-n-
value Nanoplates. (a) With vacuum poling treatment. TA spectra are similar when exciting through
top (upper figure) and bottom (down figure), indicating the uniform distribution of nanoplates. (b)
Without vacuum poling treatment. TA spectra are quite different when exciting through top (upper
figure) and bottom (down figure), indicating order dispersion of nanoplates. (¢) <n>=5 film with
vacuum poling treatment shows positive transient absorption signals at small-n-value nanoplates
and fast (within 10 ps) increased negative signal at 724 nm (corresponding to largest-n-value
nanoplates). (d) <n>=5 film without vacuum poling treatment shows both positive (at 534 nm) and
negative (at 567 nm and 609 nm) transient absorption signals at small-n-value nanoplates and slow

(~ 600 ps) negative signal at 750 nm (corresponding to largest-n-value nanoplates).
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signal at 724 nm in Figure 5-3¢ (corresponding to largest-n-value nanoplates). At the meantime,
positive AA/A signals at other wavelengths are observed, indicating the charge transfer from small-
n-value nanoplates to largest-n-value nanoplates is very efficient without much accumulations
between nanoplates. On contrast, without vacuum poling treatment, the negative AA/A signal (750
nm in Figure 5-3d: corresponding to largest-n-value nanoplates) shows a much slower increment
within 600 ps, while negative AA/A signals also appear at 567 nm and 609 nm. It implies that
accumulations of charge carriers occur at corresponding small-n-value nanoplates (567nm and
609nm), leading to less efficient charge transfer in the ordered dispersion of different-n-value

nanoplates prepared without vacuum poling treatment.

To further understand the dynamics of photoexcited states under uniform and ordered
dispersions of different-n-value nanoplates, PL characteristics were analyzed for quasi-2D
perovskite films prepared with and without vacuum poling treatment. Under both conditions, the
PL spectra consist of various peaks originating from different n-value nanoplates (n=1, 2, 3, 4, n >
4) peaked at around 518 nm, 570 nm, 612nm, 710 nm and 750 nm, as shown in Figure 5-3a and
3b. However, with vacuum poling, increasing the photoexcitation intensity at 405 nm significantly
increases the light emission from the largest-n-value nanoplates (n > 4), while the light emission
from small n values (n < 4) are slightly increased (see the inset of Figure 5-4a). This intensity-

L 160161 jpdicates that the uniform dispersion of different-n-value nanoplates generates

dependent P
efficient transport of photogenerated carriers from small to large n-value nanoplates in quasi-2D
perovskite films prepared with vacuum poling treatment. Contrarily, without vacuum poling,
increasing excitation intensity mainly increases the light emission from small-n-value nanoplates
dominated by n = 1 (see Figure 5-4b). This implies that the transport of photogenerated carriers

is less efficient in the ordered dispersion of different-n-value nanoplates.

Moreover, we notice that the vacuum poling treatment increases the slope of PL-excitation
intensity dependence from 1.61 to 1.95 towards ideal bimolecular recombination in the large-n-
value nanoplates with emission at 750 nm but the slop almost keeps unchanged in small-n-value
nanoplates with emission peaked at around 518 nm, 570nm, 612nm, 710 nm (shown in Figure 5-
4¢). This phenomenon may imply that small-n-value nanoplates can function as passivation agents
and largest-n-value nanoplates as the emitting centers, which is similar to our recent observation

that small grains can passivate the defects on the surfaces of large grains in hybrid
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Figure 5- 4 PL Characterizations and dynamics for quasi-2D perovskite films prepared with and
without vacuum poling treatment. (a), (b) PL spectra for quasi-2D perovskite films prepared with
and without vacuum poling treatment. (c) PL-excitation intensity dependences for emission peaks
<710 nm related to small n-value nanoplates prepared with and without vacuum poling treatment.
(d) PL-excitation intensity dependences (at 750 nm) for largest n-value nanoplates prepared with
and without vacuum poling treatment. (e), (f) PL dynamics for quasi-2D perovskite films prepared
with and without vacuum poling treatment. Sample structure: ITO/PEDOT:PSS/Perovskite.
Excitation: 346 nm pulse laser (pulse width of 290 fs) with Intensity of 5 pW.
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perovskites.!¢”1%® In quasi-2D perovskite films with uniform distribution of nanoplates, large-n-
value nanoplates are surrounded by small-n-value nanoplates, which enables more contacts for
passivation than ordered dispersion of nanoplates (the films without vacuum poling treatment).
TRPL data detected with the streak camera in Figure 5-4e and 4f indicate the prolonged PL
lifetime under vacuum poling treatment. Clearly, the uniform dispersion of nanoplates shows one
major emission peak at 750 nm with a longer lifetime while the ordered nanoplates show multiple

emission peaks with shorter PL lifetimes.

To understand the carrier extraction mechanism under uniform dispersion of different-n-
value nanoplates based on vacuum poling treatment, the photovoltaic performance was
characterized based on the device architecture of ITO/PTAA/PEA>MA..1Pbul3n+1/PCsi1 BM/PEI/Ag.
As shown in Figure 5-5a, the vacuum poling treatment leads to the record-high FF of 82.4 % with
the PCE reaching 18.04 % (Voc = 1.223 V, Jsc = 17.91 mA/cm?), indicating extremely efficient

carrier extraction under the uniform dispersion of different-n-value nanoplates

It is well known that using different organic ligands and transport-layer engineering can
improve the FF of quasi-2D perovskite solar cells.'® "'7# Here, we compare the solar cells prepared
by our vacuum poling treatment with the devices prepared by published conventional non-vacuum
method. Clearly, the FF of our champion devices is the highest among published quasi-2D

perovskite solar cells (see Figure 5-5b).

Moreover, the upper curve of Figure 5-5¢ shows the output efficiency at maximum power
point (MPP) monitored continuously without device encapsulation. The PCE remains as high as
95.2 % of the maximum point after more than 9.5 hours, indicating considerably improved
operational stability at continuous working condition. More surprisingly, after heating the device
at 80 °C for over 180 hours, the PCE maintains 97.7% (see middle curve of Figure 5-5¢) of its
original value for quasi-2D perovskite devices prepared with vacuum poling treatment, which
indicates extremely good thermal stability. In addition, the device efficiency retains 96.1 % of
original value after storing in glove box for 8 months without encapsulation (see down curve of
Figure 5-5c¢). The statistics data in Figure 5-5d show that vacuum poling treatment significantly
improves reproducibility of device performance. As schematically shown in Figure 5-Se, the
uniform dispersion increases the contact probabilities between different-n-value nanoplates to

generate isotropic transport from all small-n-value nanoplates directly to largest-n-value
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Figure 5- 5 Characterizations and schematic diagram of quasi-2D perovskite solar cells prepared
with/without vacuum poling treatment. (a) I-V characteristics measured under 1 Sun illumination
in quasi-2D perovskite solar cells prepared with vacuum poling treatment (PTAA used as hole
transport layer (HTL)). (b) Photovoltaic performance (FF and PCE) of our device as compared
with published PEA™ and BA" based quasi-2D perovskite solar cells. Our vacuum poling treatment
leads to extremely high FF and PCE. (c¢) Device stability test of quasi-2D perovskite device
prepared with vacuum poling treatment (HTL: PTAA) under various conditions. Upper figure:
operational stability under continuous one-sun illumination; Middle figure: thermal stability at 80
°C; Down figure: Over half a year long term stability in glovebox. (d) Statistics data of photovoltaic
performance of quasi-2D perovskite solar cells with three different designs: without vacuum
poling on PEDOT:PSS, with vacuum poling on PEDOT:PSS and with vacuum poling on PTAA.
(e) Schematic diagram to show isotropic carrier extraction from small-n-value nanoplates directly
to largest-n-value nanoplates functioning as transport high-way (shown in brown color) under
uniform dispersion of different-n-value nanoplates. (f) Schematic diagram to show less efficient
and prolonged carrier extraction length from n=1 to n=2, n=3, n=4, n=5 nanoplates through
cascade process under ordered dispersion of different-n-value nanoplates. Blue and green area:
small-n-value nanoplates, yellow and orange area: medium-n-value nanoplates, brown area:

largest-n-value nanoplates.
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nanoplates. Consequently, photogenerated carriers are isotropically transported from small-n-
value nanoplates to largest-n-value nanoplates in all directions in quasi-2D perovskite films
prepared with uniform dispersion of nanoplates. It should be emphasized that the uniform
dispersion can decrease the transport time to collect photogenerated carriers because all
photogenerated carriers in small-n-value nanoplates have an opportunity to directly transport to
largest-n-value nanoplates (functioning as transport-highway network), due to the increased
contact probabilities between different-n-value nanoplates. Therefore, a record-high fill factor
(82.4%) is demonstrated in our work. On contrast, in ordered dispersion, the photogenerated
carriers are cascaded from n=1 to n=2, n=3, n=4, n=5 nanoplates, leading to a prolonged time to
collect photogenerated carriers through such cascade process. In ordered dispersion (see Figure
5-5f), large-n-value nanoplates do not form a continuous network vertically, consequently lacking

the transport highway to more effectively collect photogenerated carriers.

5.5 Summary

In summary, we explored the uniform dispersion of different-n-value nanoplates
homogenously located between bottom and top surfaces in quasi-2D perovskite films
[(PEA)2(MA)s-1Pbul3n+1] by introducing vacuum poling treatment. On contrast, without vacuum
poling treatment, the different-n-value nanoplates are formed with vertically ordered dispersion
from small to large n values between bottom and top surfaces in quasi-2D perovskite films. The
uniform and ordered dispersions of different-n-value nanoplates between bottom and top surfaces
were verified by our tape peeling method to mechanically detach monolayers of nanoplates from
top surface subsequently towards bottom surface while monitoring the EDS, PL spectra and optical
absorption. The TA results showed that the uniform dispersion of different-n-value nanoplates
leads to a fast charge transfer towards the largest-n-value nanoplates within 10 picoseconds. The
PL dynamics studies implied that, with vacuum poling-enabled uniform dispersion, small-n-value
and large-n-value nanoplates may function as passivation agents and light-emitting centers,
respectively, in quasi-2D perovskite films with enhanced PL intensity and lifetime. Furthermore,
with uniform dispersion of different-n-value nanoplates, the quasi-2D perovskite solar cells
demonstrate a record-high FF (82.4 %) with maximum PCE of 18.04 % (Jsc = 17.91 mA/cm? and
Voc =1.223 V) based on the device structure of ITO/PTAA/PEA;MA,.1Pbulzn+1/PCs1BM/PEI/Ag.

Surprisingly, superior stabilities are achieved with retaining over 96% of their initial efficiency

87



after storing for 8 months, and 97.7% of the original value at 80 °C for over 180 h. Therefore,
uniformly arranging different-n-value nanoplates through vacuum poling treatment provides a new
strategy to enhance carrier extraction towards developing high-performance quasi-2D perovskite

optoelectronics.
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Chapter 6 Enabling AC electroluminescence in quasi-2D
perovskites by wuniformly arranging different-n-value

nanoplates to allow bidirectional charge transport
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6.1 Abstract

Perovskite light-emitting diodes (LEDs) are normally operated under forward direct
current (DC) to realize electron/hole injection at cathode/anode surfaces. Here, we demonstrate an
alternating current (AC) driven LED enabled by bi-directionally allowed charge transport in quasi-
2D perovskite (PEA2MA .1Pbulzn+1) film. Essentially, the bi-directional charge transport is realized
by uniformly arranging different-n-value 2D nanoplates together with symmetrically designed
anode/cathode interfaces, which can allow injected electrons and holes to form light-emitting states
under both forward and reverse biases, leading to an AC electroluminescence (EL) with the device
architecture of ITO/PEI/PEDOT:PSS/PEA>MA..1Pbulsn+1/P3HT/PEI/Ag. The high AC EL
performance was achieved with the radiance = 24 WSr''m2and 18.3 WSr''mand EQE = 12.5%
and 3.7% under forward and reverse biases. The device-operational stability was largely improved
with the half-intensity time of Tso = 11.0 hours under AC bias (+2 V/-2 V, 50 Hz) as compared to
Tso= 3.9 hours under forward bias (+2 V/0 V, 50 Hz).

6.2 Introduction

Metal halide perovskites have demonstrated superior photoluminescence quantum yield "
73, facile color tuning capabilities'™, and high-quality thin-film formation®*34%  leading to
excellent performance in LEDs’%"!. In general, LEDs are allowed to operate under forward bias
due to the limitation where reduced potential barriers at the anode and cathode can only be realized
under forward electrical field to simultaneously enable bipolar electron and hole injection towards
generating an EL'7>!7%, When switching an external bias from forward to reverse condition, it is
normally difficult to realize carrier injection due to the high potential barriers at both electrodes.
Therefore, when an AC bias is applied, the LEDs normally give rise to an EL only during forward
cycle and leave in-operational EL during reverse cycle. To develop an AC LED, the fundamental
challenge is to realize an EL under both forward and reverse cycles under AC bias. Notably,
symmetrically configured device band diagrams were adopted in organic LEDs to show AC
EL'7"178 Furthermore, the light-emitting electrochemical cells (LEECs) with desired n-/p- type
doping by mobile ions at the interfaces were proposed to increase injection probabilities for both
electrons and holes under AC bias!’”!8!. On the other hand, perovskite LEECs have also been
fabricated based on MAPbI; to show an AC EL by using ions-induced band bending at interfaces

to facilitate bipolar injection under both forward and reverse biases'*.
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In the present work, we explored strategies to realize AC EL by using symmetrical device
architecture together with quasi-2D perovskite (PEA2MAn.1Pbulzn+1) film where different-n-value
nanoplates are uniformly dispersed by enforcing the crystallization with our vacuum-poling
treatment'*®. Here, it’s worthy to point out that within uniform dispersion of different-n-value
nanoplates, the charge transport is occurred through two processes: (i) from all small-n-value
nanoplates directly to largest-n-value nanoplates through direct contact'®* and (ii) within the
network between largest-n-value nanoplates. Furthermore, different-n-value 2D perovskite
nanoplates possess different optical bandgap and energy levels of conduction band minimum (CB)
and valence band maximum (VB). Thus, uniformly distributed nanoplates will provide more
energy levels to accept and transfer the injected carriers, leading to a unique mechanism to realize
efficient charge transport bidirectionally under both forward and reverse biases. In addition, we
also selected poly(ethyleneimine) (PEI) layer to modify the work functions of indium tin oxide
(ITO) and Ag electrodes, and the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and poly(3-hexylthiophene) (P3HT) transport layers were chosen to ensure better
device symmetry towards balancing electron/hole injection. Also, the PEDOT:PSS and P3HT have
relatively proper conductivities for electrons and holes, which are also important to carry out AC
EL. With above design, we demonstrated an AC EL from our quasi-2D perovskite film with the
device architecture of ITO/PEI/PEDOT:PSS/PEA>2MA,.1Pbnlzn+1/P3HT/PEI/Ag. EL under AC
bias at frequency from 1 to 100 Hz were also realized. Furthermore, device-operational stability
under AC bias was largely improved as compared with under forward bias. Therefore, our findings
provide a design and open up the way to achieve efficient AC LEDs in metal halide perovskites.

This work has been published (Nano Energy 79, 105413, 2021).

6.3 Materials and Methods

6.3.1 Materials Processing and Device Fabrication

Lead iodide (Pblz), P3HT, dimethyl sulfoxide (DMSO), Dimethylformamide (DMF), PEI
(50wt%), chlorobenzene (CB) and anhydride isopropyl alcohol (IPA) were purchased from Sigma-
Aldrich. Methylammonium iodide (MAI) and phenethylammonium iodide (PEAI) were purchased
from Xi’an Polymer Light Technology Corp. PEDOT:PSS was purchased from Clevios. All

chemicals were used as received without further purification. The quasi-2D perovskite precursor
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solution (concentration: 1 M) was prepared by mixing PEAI:MAI:Pbl>:PbCl, with the molar ratio
of 0.4:0.9:0.95:0.05 in mixed solvent of DMF:DMSO (9:1 vol)), and the stoichiometry was
designed to a target of <n> = 5. The ratio designed in our work would result in 1M
(PEA)2(MA)4Pbslis + 0.1M MACIL. We have added in-situ MACI additives through the reaction
0f 0.05 PbClz + 0.1MAI = 0.05 Pbl> + 0.1 MACI in the precursor solution for better crystallization
and improved film quality. P3HT was dissolved in CB with different concentrations: 3 mg/ml, 6
mg/ml and 9 mg/ml. PEI (50mt% in water) was diluted by anhydride IPA to a concentration of 0.5
mg/ml. First, an interface modification layer of PEI (0.5 mg/ml, IPA) was spin coated onto
precleaned ITO substrates at a spin speed of 5000 rpm for 60 seconds, then the PEI layer was kept
in dark for over 20 min to remove the residual solvent. After that, PEDOT:PSS was spin-coated
on top of PEI at 4000 rpm for 60 seconds, and then followed by thermal annealing at 150 °C for
30 minutes. The quasi-2D perovskite layer was prepared following our previously reported
vacuum poling method. In short, 200 pL of perovskite precursor solution were dropped onto the
preheated PEDOT:PSS (100 °C, over 20 min inside the nitrogen glove box), and the spin speed
was set to 5000 rpm for 25 s, then the spin-coated perovskite film was immediately transferred
into an antechamber where the gage pressure was quickly reduced to -1.0 bar and the vacuum
poling treatment was kept for 8 min. Then, the vacuum poling treated perovskite film was put onto
a hot plate for further thermal annealing (100 °C for 10 min). After that, P3HT with different
concentrations was spin coated onto the perovskite layer at the speed of 2000 rpm for 50 s, then
the P3HT layer was kept in dark for over 20 min to remove the residual solvent. Next, another
interface modification layer of PEI was spin-coated on the top of P3HT as described above. Finally,
silver layers (90 nm) were thermally deposited as the top electrode to complete the devices. The

active area of the devices is 0.06 cm?.

6.3.2 Characterizations and measurements

The PL and EL spectra were collected with Flouro Log III spectrometer. The current-
voltage (I-V) characteristics were recorded using Keithley 2400 source meter. The GIWAXS data
was collected by using sector 8-IDE at the Advanced Photon Source at Argonne National
Laboratory. The AC EL profiles were recorded by oscilloscope (TDS 3032B from Tektronix). The
EL intensities were calibrated by comparing their EL intensities with a commercialized near

infrared LED (LED with glass lens, 750 nm, 18mW, TO-18, THORLABS). The alternating bias
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was generated by a pulsed generator (model 645, 50 MHz function/arbitrary waveform generator

from Berkeley Nucleonics Corp).

6.4 Results and Discussion

It is noted that, an AC EL requires three necessary conditions: (i) the mechanism to allow
bipolar charge injection under both forward and reverse biases (injection issue), (ii) the
confinement probabilities of injected electrons and holes (exciton formation issue), (iii) the
possibilities of passivating defects on light-emitting nanoplates (photoluminescence efficiency
issue). Here, the quasi-2D perovskite film with target <n> value of 5, in-situ MACI passivation
and uniform dispersed different-n-value nanoplates is optimized through comparing film quality,
PL lifetime and device performance. In this study, we utilize the uniformly arranged quasi-2D
perovskite!* together with symmetrical device architecture by using PEI, PEDOT:PSS and P3HT
to explore AC EL, as schematically shown in Figure 6-1a. The grazing incidence wide angle X-
ray scattering (GIWAXS) data for the uniformly dispersed film of <n> =5 is shown in Figure 6-
1b. Compared with previous reports®®!#, the dots feature together with weaker (202) signal at qy
= 0 as compared with that at g, = 0 indicates that 2D nanoplates within the uniformly dispersed
film of <n> =5 are more vertically orientated. To clearly show that different-n-value nanoplates
are co-existed in our uniformly dispersed <n> =5 films, the transient absorption (TA) combined
with photoluminescence (PL) characteristics were studied. The TA spectra in Figure 6-1¢ show
that the <n>=5 film consists of feature peaks at 530 nm (refer to n=1), 564.6 nm (refer to n=2),
603.8 nm (refer to n=3), 639.3 nm (refer to n =4), 668.8 nm and 726.7 nm (refer to n>5), implying
the coexistence of different-n-value nanoplates. We should note that there exists a charge transfer
from small-n-value nanoplates to large-n-value nanoplates, as indicated by the fact that increasing
excitation intensity changes the relative PL intensities between small- and large-n-value nanoplates
(Figure 5-4a). Because of charge transfer, the lower PL intensity corresponding to small-n-value
nanoplates does not really mean the un-appreciable amount. However, with low excitation density
(68 mW/cm?), coexisted PL peaks at 530 nm, 564.6 nm, 603.8 nm, 639.3 nm and 650 nm to 740

nm can be observed, which further verifies the coexistence of different-n-value nanoplates.

We should point out that uniformly dispersing different-n-value nanoplates offers high-
quality dense quasi-2D perovskite films where small-n-value nanoplates all have an opportunity

to contact with large-n-value nanoplates to enable bidirectional charge transport. To investigate
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Figure 6- 1 Quasi-2D perovskite LEDs towards realizing both forward and reverse EL. (a) Quasi-
2D perovskite LEDs based on device architecture of ITO/PEI/PEDOT:PSS/PEA>MA,.
1Pbnlan+1/P3HT/PEI/Ag. (b) GIWAXS map for uniformly dispersed quasi-2D perovskite film of
<n>=5. (¢) TA spectra for uniformly dispersed film of <n>=5 at different delay times with feature
peaks corresponding to different-n-value nanoplates marked with dashed black lines: 530 nm (n=1),
564.6 nm (n=2), 603.8 nm (n=3), 639.3 nm (n =4), 668.8 nm and 726.7 nm (n>5). (d) PL spectra
for uniformly dispersed film of <n>=5 (with 405 nm laser excitation at power intensity of 68
mW/cm?). Feature peaks corresponding to different-n-value nanoplates are observed: 527 nm
(n=1), 568.8 nm (n=2), 613.7 (n=3), 645 (n=4) and 744.1 nm (n>5). (e) TA spectra of uniformly
dispersed film of <n>=5 at delay time from 0 to 10 ps.
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the charge transport dynamics, we monitored the pump-probe transient absorption spectra of the
quasi-2D perovskite film. As shown in Figure 6-1e, the TA feature peaks corresponding to small-
n-value nanoplates quickly appear before 1.33 ps. With increasing pump-probe delay time, the
photobleaching peak is rapidly red-shifted towards larger-n-value nanoplates, showing the fast
charge transfer from small to large-n-value nanoplates. After 7 ps, the photobleaching peak is
dominated by the signal from large-n-nanoplates, indicating efficient charge transfer occurred
within 7 ps in quasi-2D perovskite film prepared with the uniform dispersion of different-n-value
nanoplates. Therefore, there are two key parameters to control EL performance within uniform
dispersion of different-n-value nanoplates: (i) the probability that all small-n-value nanoplates can
directly contact with largest-n-value nanoplates: the issue for effective defect passivation towards
charge transfer and high light emission, and (ii) the ratio between small-n-value nanoplates and

largest-n-value nanoplates: the issue for charge confinement towards forming excitons.

Figure 6-2 illustrates the band diagram for quasi-2D perovskite film with the uniform
dispersion of different-n-value nanoplates fabricated with the device architecture of
ITO/PEI/PEDOT:PSS/PEA>2MA,..1Pbul3n+1/P3HT/PEI/Ag. Here, PEI is used to modify the work
functions of both electrodes (ITO and Ag) to enable similar injection barriers for electrons and
holes at both forward and reverse bias. We select PEDOT:PSS and P3HT as the transport material
to sandwich perovskite layer due to their favorable energy levels towards balancing electron/hole
injection and relatively proper electron and hole mobilities !33-1%¢. The nanoplates within the
perovskite layer show different energy levels with the CB and VB, respectively. Because of the
uniform dispersion of different-n-value nanoplates, both electron and hole injection surfaces
consist of multiple CB and VB levels. Once the electrons are injected into the lowest CB (n = 5)
under forward and reverse biases, the holes can be injected from small-n-value nanoplates into
large-n-value nanoplates, leading to a cascade process to facilitate hole injection. Upon enabling
electron and hole injection under both forward and reverse biases, an AC EL can be expected in

quasi-2D perovskite film prepared with the uniform dispersion of different-n-value nanoplates.

As discussed above, an AC EL requires similar injection and transport under both forward
and reverse biases. Here, the PEDOT:PSS and P3HT were used as the transport layers based on
the favorable energy levels towards similar injection under forward and reverse conditions.

Furthermore, the ambipolar transport properties of P3HT!®’ facilitates the transport for both

95



P3HT

ITO/PEI| ®| Perovskite filmjc|PEI/Ag

PEDOT

Small n

Large n ITO/PEI
- O

PEVAg

Before contact

Forward bias
Reverse contact

Figure 6- 2 Band diagram to enable AC EL in quasi-2D perovskite LEDs with uniform dispersion

of different-n-value nanoplates. (a) Before contact. (b) Forward bias. (c) Reverse bias.

96



electrons and holes. We should note that, the P3HT has much lower carrier mobility than
PEDOT:PSS'*’, and consequently the device performance is very sensitive to the P3HT thickness.
Figure 6-3a shows the current-voltage-EL (I-V-L) characteristics of our quasi-2D perovskite
LEDs with an optimized P3HT thickness spin-coated from the concentration of 6 mg/mL. Clearly,
the bipolar (electron and hole) injection can be realized under forward and reverse biases.
Interestingly, both forward and reverse bipolar injection can successfully generate an EL at
threshold biases of 1.7 V and -1.3 V, leading to an AC EL in the quasi-2D perovskite LEDs
(ITO/PEI/PEDOT:PSS/PEA>MA,..1Pbul3n+1/P3HT/PEI/Ag). The EL irradiance reaches 24.0
W/Sr/m? at the forward bias of 2.5 V and 18.3 W/Sr/m? at the reverse bias of -1.5 V. The similar
EL characteristics between forward and reverse biases indicate that the quasi-2D perovskite film
with uniform dispersion of different-n-value nanoplates forms a symmetric-like band diagram with
PEDOT and P3HT transport layers in connection with ITO/PEI and PEI/Ag electrodes under
forward and reverse biases. This provides the necessary condition to realize an AC EL in quasi-
2D perovskite LEDs. Figure 6-3b illustrates the EL spectra recorded at £1.8 V. We can see that
forward and reverse bipolar injection lead to similar EL spectra with the peak position at around
750 nm. The similar EL spectra indicate that the largest-n-value nanoplates function as light-
emitting centers under both forward and reverse bipolar injection. Here, our quasi-2D perovskite
AC LED shows a high EL performance at both forward and reverse biases with maximal external
quantum efficiencies (EQE) of 12.5 % (forward bias) and 3.7 % (reverse bias), as shown in Figure
6-3c. More importantly, largely improved operational stability is observed under AC condition, as
compared with DC condition. As shown in Figure 6-3d, when an AC bias (+2 V/-2 V, 50 Hz) is
applied, Tso reaches 11 hours. Under DC bias (+2 V/0 V, 50 Hz), Tso is reduced to 3.9 hours.

To further confirm the AC-driven quasi-2D perovskite LEDs, the EL output was measured
with square-wave AC biases at different frequencies (1 Hz, 20 Hz, 50 Hz and 100 Hz). As shown
in Figure 6-4. it can be clearly seen that both positive and negative biases can generate an EL
output, confirming the AC EL action. It is noted that the EL output is gradually rising but rapidly
ceasing when the square-wave voltage is applied and removed. Especially, increasing AC
frequency causes a slower EL response, indicating the possibilities that mobile ions are
accumulated at perovskite surfaces to facilitate bipolar electron and hole injection under both
forward and reverse biases. As shown in perovskite LEECs!®?, the ionic motion can cause a band

bending on perovskite surfaces to lower injection barriers for electron and hole injection under
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Figure 6- 3 EL Characteristics in quasi-2D perovskite LEDs under forward and reverse biases. (a)
Current-voltage-EL characteristics. (b) EL spectra under forward (+1.8 V) and reverse (-1.8 V)
biases. Dashed line: PL spectrum. Inset: photograph of device operated under -1.8 V to show strong
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both forward and reverse biases, leading to an AC EL. Nonetheless, the EL output profile under
positive and negative biases further confirms that the quasi-2D perovskite (PEA2MAn.1Pbal3n+1)
film of <n> =5 prepared with the uniform dispersion of different-n-value nanoplates together with
the symmetrical device architecture can demonstrate an EL under both forward and reverse biases.
In addition, decreasing the thickness of quasi-2D perovskite layer by diluting the precursor
solution from 1 M to 0.6 M can lead to more symmetric bipolar (electron and hole) injection under
forward and reverse biases. Clearly, our 2D perovskite AC LED is operated based on following
three necessary conditions. First, the uniform dispersion of different-n-value nanoplates provides
the possibilities to have the lowest-bandgap nanoplates on 2D perovskite surfaces, functioning as
reduced potential barriers for electron and hole injection with the capability of allowing bi-
directional transport under both forward and reverse biases. Second, the mobile ions can cause a
band bending to further lower the injection barriers to inject electrons and holes under an AC bias.
Third, the uniformly dispersed different-n-value nanoplates can enhance the “quantum well”
effects to confine injected electrons and holes within the lowest-bandgap nanoplates through bi-

directional transport to form light-emitting excitons under AC operation.

6.5 Summary

In summary, we have successfully achieved an efficient AC-driven quasi-2D perovskite
LED for the first time via uniformly dispersing different-n-value nanoplates together with
symmetrical device architecture. Essentially, the uniform dispersion of different-n-value
nanoplates provides a mechanism to symmetrically lower the potential barriers for bipolar electron
and hole injection and to enable the bidirectional charge transport with charge confinement from
small-n-value nanoplates to large-n-value nanoplates towards realizing an AC EL. Furthermore,
the injection barriers under both forward and reverse biases were reduced through symmetrical
device structure by using PEI as workfunction-modification layer, PEDOT:PSS and P3HT as
transport layers. We should point out that our AC quasi-2D perovskite LED shows a high EL
performance with the radiance=24 WSr'm? and EQE=12.5 % at forward bias and the
radiance=18.3 WSr''m?and EQE=3.7 % at reverse bias. Moreover, under AC bias (+2 V/-2 V, 50
Hz) condition, the operational stability is reached to Tso=11 hours, as compared with the Ts0=3.9
hours under DC bias (+2 V/0V, 50 Hz). Therefore, we propose a useful strategy to develop AC EL

in quasi-2D perovskite LEDs for future commercialization.
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Chapter 7 Conclusion
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The behaviors of excited states are studied combined with perovskite solar cells and LEDs
in this research. The generation, conversion and transport processes are discussed in various
perovskite systems, such as 2D, quasi-2D and 3D perovskites. Also, related solar cell or LED

efficiencies are optimized through regulating the primary excited states.

First, we found that CTEs can be effectively formed in heterostructured 2D perovskites
(PEA>PbI4:PEA>Snl4), leading to bright broad emission with long PL lifetime of ~ 0.5 ps. By
applying our hand-finger pressing method to form PEA,>Pbl4/PEA>Snl4 interface, we exclude the
possibility of self-trapped exciton emission. We also explore the possible application of CTEs in
solar cells by detecting the below-bandgap photocurrent and in LEDs by obtaining
electroluminescence through electrical injection. Clearly, the CTEs presents a new mechanism to

advance the multifunctionalities in 2D perovskites.

Second, orbit-orbit interaction between excitons have been studied in both 3D Sn based
perovskites and quasi-2D perovskites (PEA2MA4Pbsli6). Through SnF> doping in FASnLBr film,
the intrinsic orbit-orbit interaction is increased through orbital magnetic dipoles, leading to the
photovoltaic efficiency improvement. The enhanced orbit-orbit interaction can be verified by
photoexcitation polarization dependent Jsc with +AJsc value decreasing from 1.21 % to 0.55 %
after doping. This presents a new doping effect occurring in Sn perovskite solar cells towards
enhancing photovoltaic efficiency. Besides, a slow cooling of hot carriers is clearly observed
within the time window of 200 ps shown in transient absorption (TA) dynamics, leading to long-
lived hot carriers in quasi-2D perovskite film (PEA2MA4Pbslie). This slow hot-carrier cooling
presents the signature of large polarons occurring in quasi-2D perovskite film by uniformly
arranging different-n-value nanoplates. Furthermore, when the slow hot-carrier cooling is occurred,
the orbit-orbit interaction is dominated by orbital polarizations, indicating that large polarons can
enable a long-order orbital interaction. With the slow hot-carrier cooling and long-order orbital
interaction, the quasi-2D perovskite demonstrates superior transport shown by high fill-factor
values in solar cell at different carrier densities by varying light illumination intensity. As a
consequence, enhancing orbit-orbit interaction presents a new strategy to facilitate dynamical spin

conversion of excited states during the development of photovoltaic actions.

Last, the transport of excited states in quasi-2D perovskites is optimized with our proposed

vacuum poling treatment method to enforce nucleation during crystallization. This vacuum poling
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treatment leads to uniform distribution of different-n-value nanoplates, which is verified through
TA measurement and our developed scotch-tape peeling method. With this uniform-distribution,
efficient carrier transfer within 10 picoseconds from small-n-value to large-n-value nanoplates are
revealed by transient absorption results. Moreover, the record-high fill factor (FF) of 82.4 % with
power conversion efficiency (PCE) of 18.04% (Voc =1.223V and Jsc =17.91 mA/cm?) are
demonstrated through efficient carrier extraction. Furthermore, superior stability is achieved with
retaining over 96% of their initial efficiency after a storage for 8 months, and maintaining 97.7%
at 80 °C for over 180 h. Thus, uniformly arranging different-n-value nanoplates offers a new
materials engineering strategy to enhance carrier transfer and extraction for developing high-
efficiency and stable quasi-2D perovskite solar cells. Specifically, this efficient charge transfer in
our perovskite film results in excellent bipolar carrier transport, which us to achieve high-
efficiency AC driven quasi-2D perovskite LEDs. With the device architecture of
ITO/PEI/PEDOT:PSS/PEA>MA,..1Pbulzn+1/P3HT/PEI/Ag. The high AC EL performance was
achieved with the radiance = 24 WSr''m?2and 18.3 WSr''m?and EQE = 12.5% and 3.7% under
forward and reverse biases. The device-operational stability was largely improved with the half-
intensity time of Tso = 11.0 hours under AC bias (+2 V/-2 V, 50 Hz) as compared to Tso= 3.9
hours under forward bias (+2 V/0 V, 50 Hz).

In sum, this thesis provides fundamental understanding and future possibilities for

perovskite optoelectronic applications.
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