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Abstract

Being a low-cost and high-performance photovoltaic device, the hybrid organic—
inorganic halide perovskite solar cell (PSC) has attracted extensive attention in the
past few years. Significant research progress on PSC is mainly attributed to the
properties of the perovskite material, including long-range carrier diffusion length (>1
um), broad-wavelength light absorption (up to a wavelength of 800 nm), high charge
carrier mobility (25 cm2V-1s-1) and adjustable band gap. There are two different
fabricated device architectures, planar heterojunction and mesostructured PSC.
Optimizing the quality of the perovskite film and the device configuration is
important to improve the PSC performance. Improving film surface coverage and
grain size in the film is a cost-effective way for energy harvesting and should be of
prime importance. On the other hand, enhancing the charge transport property of the
PSC is also a vital aspect that allows the photogenerated electrons to be transported

efficiently before recombining with the separated holes.

In this study, the methods of developing PSC, characterizing the properties of the
developed PSC, and various novel means for achieving high-performance PSC have
been investigated. First, an efficient and simple approach has been investigated for
using a combination of Dimethyl Sulphoxide (DMSO) to increase crystal size and
hydrochloric acid (HCI) to further retard crystallization rate. The combined effect is to
improve uniformity and crystallinity of the perovskite film. With this synergistic
approach, superior quality perovskite film free from pinholes and with large uniform
perovskite crystals over one micron has been obtained. The fabricated device has
reached power conversion efficiency (PCE) of 17.8%, providing a 10%-11%

improvement in PCE for both the best as well as the average performance. In addition,



the incorporation of chloride using HCI formulation has demonstrated to have better
stability against degradation from moisture, strong solar irradiation, and high
temperature, which is an important finding as stability is one of the key limitations for

PSC.

Second, to further improve the quality of the perovskite layer and the charge transport
property, home-made, well-controlled, pristine graphene nanofibers were introduced
into the perovskite layer of PSC. The introduction of graphene nanofibers into the
perovskite layer led to a dramatic increase in the grain size of the perovskite layer to
over 2 m, due to improved nucleation and crystallization on the nanofiber surface,
which led to much higher FF and Jsc values. Also, the significant increases in Jsc and
Voc are attributed to the improved charge-transport properties of the graphene
nanofibers with superb charge conductivity introduced into the perovskite layer. This
is confirmed independently by the charge transport time using Intensity Modulated
Photocurrent Spectroscopy. Under optimized conditions, the device PCE increased
from 17.51% without graphene to 19.83% with graphene nanofibers, representing a

13% increase.

Third, a method for engineering large, uniform perovskite crystals has been studied. A
thin structured electrospun TiO2 nanofiber scaffold has been applied to the dense
TiO2 layer. The structured scaffold facilitates nucleation of the perovskite crystals
from the nanofibers, especially at the intersections of nanofibers. By orienting the
fibers forming polyhedrons and controlling the fiber packing density with uniform
pore openings, large uniform crystals with high crystallinity that has good light
absorption can be obtained. Further, graphene sheets in roll-up form, to eliminate
adverse edge effect, were inserted in the TiO2 nanofibers in a convenient, simple way
to enhance charge conductivity of the semiconductor nanofibers. Photogenerated
electrons once generated in the perovskite crystals can travel to the TiO2 nanofibers
and get injected into the graphene core. Subsequently, they are being transported to
the electrode reducing electron-hole recombination thereby improving the current

density of the PSC. Crystallizing perovskite in the TiO2 scaffold also eliminates



unreacted PblI2 in a two-step crystallization process as compared to the PSC without
the scaffold. The optimized PSC device exhibited PCE of 19.30%, which is 11%
higher than the device without the nanofiber scaffold with PCE of 17.46%.

Fourth, we have developed an efficient and simple method by insertion of an ultrathin
graphene nanofibers layer between the TiO2 dense layer and the perovskite layer to
reduce the interfacial resistance. The concentration of graphene and the thickness of
the graphene nanofiber layer has been optimized. As a result of the improvement of
the electron transport at the perovskite-dense layer interface, both the best and
average solar cells fabricated reveal 5%-8% increase in PCE as compared to the PSC
without the interface layer. The best PCE of the fabricated heterojunction solar cell
has reached 18.62%.

The results from the four different thrust areas in the present study highlight the
significance of improving crystallinity, size and uniformity of crystals in the
perovskite film. This was achieved by DMSO intercalating with the organic
component, methylammonium iodide (MAI), in a two-step procedure in forming the
perovskite, and nucleation and crystallization with the graphene nanofibers and the
engineered TiO2 scaffold. The results also highlight the importance of efficient
transport of photogenerated electrons reducing recombination by traps at crystal
boundaries. Finally, the results also highlight the reduction of interfacial resistance to

charge transport and the dense layer/perovskite layer was chosen as a demonstration.



Publications Arising from the Thesis

Journals

1. Yun Li, Kin Shing Kenneth Lo, Wallace Woon-Fong Leung. Conditioning lead
iodide with dimethylsulfoxide and hydrochloric acid to control crystal growth
improving performance of perovskite solar cell. Solar Energy, 157 (2017)

328-334.

2. Yun Li and Wallace Woon-Fong Leung. Introduction of Graphene Nanofibers into
the Perovskite Layer of Perovskite Solar Cells. ChemSusChem, 11 (2018)
2921-2929.



Acknowledgements

Firstly, I would like to express my sincere gratitude to my supervisor, Prof. Wallace
Woon-Fong Leung, for his active encouragement and academic support throughout
my Ph.D. student study period. His critical instructions and invaluable guidance
facilitated my success in my Ph.D. research. None of these would have been possible

without his guidance.

I would also like to thank my colleagues, including Mr. Kin Shing Kenneth Lo, Mr.
Qianggiang Sun, Ms. Eva Mak, Dr. Chun Pei, Dr. Kanjwal, Muzafar Ahmad for their
useful advice, kind assistance, moral encouragements throughout my research study,

especially during difficult time.

Besides, I would like to thank the technicians in the Mechanical Engineering
Laboratory, EIE laboratory belongs to Prof. Li Gang’ team, especially Dr. Ren Zhiwei
and Dr. Annie Ng in their team has supported and assisted me a lot during the past few

years.

Last but not the least, I also have to show my special appreciation to my dear parents
and elder sister, for their endless love and support. They always support me

unconditionally no matter what choices I have made.

\



Table of Contents

CERTIFICATE OF ORIGINALITY ..uteutittititeieiertenietet ettt sttt se ettt st st ene b e eenis I
ADSITACT ..ottt b e E e bRt R e R Rt Rt e er e Rt s he e e r e re e e renres I
Publications AriSing from the TRESIS ......cuivieriiiiiiieiee et v
ACKNOWIEAZEIMENLS ...c..veeitieiieiietieteertt ettt ettt stt et et sat e st e satesatesatesatesatesatesatesntesntesasesnee VI
LIST OF FIGURES ..ottt ettt st sttt b e sttt ene st nneeeneas X
LIST OF TABLES ...ttt ettt ettt sttt st et se bbb b nae e enis XIv
(O] 1F:1 o173 S OO OO PROTPRR PR 1
INEEOAUCTION. ...ttt st s e e r e s bt e ennesr e s b e e e e nesreeneenennes 1
1.1 SOIAT @NETEY .eeuveerieiieiieieesieesie ettt ettt ettt e sbe e bt e sbe e s bt e sbeesbeesbeesbeesbeesbeesssesneesasesaeas 2

1.2 S01AT Cllluuiiniiiieiiiiieieeese et e 3

1.2.1 BACKEIOUNA ...couviiiieiieiieieeieeie ettt ettt saaesaees 3

1.2.2 Working principles of solar CellS........coviriiriiniiniieniinienienienieneeseesee e 5

1.3 Silicon-based SOIAr CEIIS .......ueueririririerenereeerere e 6

1.4 Cadmium Telluride (CdTe) and Copper Indium Gallium Di-Selenide (CIGS) Thin

Film S0Iar CellS ....eevuiiiirieieierienieereseee ettt r e sre e nrennes 8

1.4.1 CdTe SOIAT COILS ...vvueeueeiiieeiieiete sttt 8

1.4.2 CIGS SOIAr CEIIS....eeiiiiriieieierieseeees ettt s ne 9

1.5 Dye-sensitized solar cells (DSSC) ...oovuiiiiiiiriiiieeie e 10

1.6 Organic SOlar CeIl (OSC) ..ciuiiiiiiiiniiiiieiie ettt ettt et te et e ee st e 10

1.7 Overview of The Inorganic-organic Hybrid Perovskite Solar Cells............cccceeuenne. 11

1.7.1 Techniques for preparing the perovskite film..........cccoevveverveiiieinieniienieeene 12

1.7.1.1 Solution depoSIition PrOCESS......cccverrerrerreerrerrerrereenresresreeeessessesseessensens 13

1.7.1.2 Vapor-assisted SOIULION PIOCESS......eevveerrerrieerieerieereeeeeeeeeeeeseeseeeeeenes 15

1.7.1.3 Hybrid chemical vapor deposition .........c.cceceererneerieenieenieeniessieseeenns 16

1.7.1.4 Thermal evaporation depoSItioN ........ccecvereerreererreerieerieeee e seeeee s 17

1.7.1.4 SPray deposSitiOn.......cceeeerueriererseerieneneeeesteseeeeeseesresreeeeseeseesseenseneens 17

1.7.1.4 Doctor blading teChNIQUES.......ccveerveerieerieerieeie e et 18

1.7.2 Structures of perovskite solar Cell..........eoeviririieniniinieereeeeeeee 19

1.7.2.1 Mesoscopic architecture of perovskite solar cell.........cccevvrveriennnnne 20

1.7.2.2 Planar architecture of perovskite solar cell ........c.cceevvvevvrreeverneninnnn 22

1.7.3 Stability of perovskite Solar CelIS .........cueveriririieneninieeereeeese e 24

1.8 ODJECIIVES. .ttt sttt ettt ettt st b e bttt besb e et e b e st e sb e e e et e sresneennenneee 25

| 2SS 2S4S 27

CRAPLET 2.ttt ettt s h et e s b e e bt et et e s bt e a e et et e sb e emb et e e b e eheen b et e sbeeae et e nbesbeentenbenee 35
IMETNOAOLOZY ...ttt ettt ettt sb ettt s h et st s b e e st e besbesbe et ebesbesbe et enbesbeensenbenbesneensentens 35
0 017 (T L1 Tt o ) s W PRSP 35

2.2 Materials and REAZENTS .....cc.eeueriiriiriiierienieeieesie ettt 35

Table 2. 1 Experimental ChemICalS .........coererierieniiniinieniene sttt st 35

2.3 Fabrication of Nanofibers .........cccvevveriiniiriesiee ettt 36

2.3.1 Preparation of graphene SOIULION. .......cceeervereerierienenierene e 36

2.3.2 Fabrication of graphene nanofibers. ........ccoeevererenerieenieneneneene e 37

VI



2.3.3 Fabrication of TiO; nanofibers with embedded graphene...........ccccceeuenenne 39

2.4 Morphology and crystal structure characterization ..........c.cceeveeviervierrieesessessiesseennne 40

2.4.1 Morphology characterization ...........cceceevueeruerrieerieesieerieesie e eee e eiesee e 40

2.4.2 Crystal structure characterization .........cceceevveerieeneeresseesieesieesie e eieeseeeee e 42

2.5 SpectroSCOPIC MEASUIEIMENL . ... ceveeveeieeierieeteeteesteeteeteesteeteebeeteetessestesnsesneesnee 43

2.5.1 UV-Visible abSOIPHION ...eccververieiieeie ettt ettt ettt ettt 43

2.5.2 Photoluminescence (PL) SPeCtrim.......cceceevierrieeniennieniieeie e 43

2.5.3 Time-Resolved Photoluminescence (TRPL) Spectroscopy.......cccceeveerrveeneenne 44

2.5.4 RAMAN SPECHIUIM.c..utieiuiiieiieeiieeiiteestee et e e siee et e st e sbeessbeesaneeesneeesaneesreesneeas 45

2.6 Thermal DEhaVIOL .......cooiriiiiieiiceeee et 45

2.7 Photovoltaic characterization and analysis..........ceceeverriernennenniennieesie e esee e 46

2.7.1 The solar radiation and air MASS.........cccererrereererenereerene e 46

2.7.2 Photovoltaic Current-Voltage Characterization............ceeeevverrerreersiesseennennns 47

2.7.2.1 Short-circuit Current (Isc) cvooveereeereereeneereeneeneeneeneeseeseeseeseeseeseeens 49

2.7.2.2 Open-Circuit VOItAZE (Voc) .veerreerreereeneerieenieenieenieenieesieesieesseesseesessseens 49

2.7.2.3 Fill FACtOT (FF) ccviiiiiiiieiieieeieeeeeeieeee ettt 49

2.7.2.4 Power conversion efficiency (PCE) ......cccoovevviinienieiniennienieneeseeniene 50

2.7.3 External Quantum Efficiency (EQE) .....cccoovviviiiiiiieiieeeceee e 50

2.7.4 Intensity-modulated photocurrent spectroscopies (IMPS) .......cccccevvvveennne 50

RETETEICES ..ottt st n e r e ne 52

(O] 1T o113 S PP UPPUPPRP 53
Conditioning lead iodide with DMSO and HCI to control crystal growth improving performance
OF PErOVSKILE SOLAT CEIL....uiiiiiiiiiieiieiieieeiee ettt st e be e b saeesaeesaeesaeas 53
3.1 INErOQUCTION ...euviuiiiieieeiecieee ettt s r e s e nre e 53

3.2 Experimental DetailS........cccverierieriiniiniiniesiesiesteste ettt st st s 54

3.2.1 Preparation of the substrate and compact layer.........ccccveveeveeveeveesieeneeienn, 54

3.2.2 Synthesis of PbIo(DMSO)x COMPIEX .....evververmeerieniiniinieieniesieeeenieniesreeeeneenees 54

3.2.3 The fabrication of perovskite layer, hole transport layer and electrodes........ 55

3.3 Results and DiSCUSSION. ....cc.ueuererierieiertenieeitesie ettt st s see e b seeeneeneeee 56

3.3.1 Investigation of the morphology and crystal structure of perovskite layer....56

Table 3.1(a). The full width at half maximum of (110) peak of the perovskite layer.............. 60
3.3.2 Photovoltaic performance .........c.cceecvereereenieerieerieesieesie e eeeeee et eee e 60

Table 3.2(a). Best performance of the Perovskite Solar Cells under AM 1.5 G illumination .62
Table 3.2(b). Average performance of the Perovskite Solar Cells.........cccccvvvvrvieriirieenennnnnn 62
Table 3.3. The electron transport time with respect to the PCE of the devices............cc........ 66
3.3.3 StADIIIEY tESte..eetirueruieiestertenieeterte sttt ettt et b sttt s b et seesbe e e e neas 66

Table 3.4. The degrade of the PCE for the devices in the stability test.........cceceverererieeneenne. 68

3.4 CONCIUSIONS ....uvenvetienteteste ettt sttt s bt s bt et et sbesae et e sbesbeeaeebenbesbeeneebenbesneenseneenne 69
RETETEICES ...ttt sttt st s b e sbe e e b e b ebeeee e 70

CRAPLET ..ttt ettt st et ettt s bt et et e s bt e a e et et e sb e e s b e be et e e bt et et e sbeeae et e nbesbe et enbenee 72
Introduction of Graphene Nanofibers into the Perovskite Layer of Perovskite Solar Cells............ 72
4.1 TNEEOAUCTION ..ttt sttt sttt ettt ettt et b st estesbesbe e b esbesbesbeentenbesbesneenseneens 72

4.2 Experimental DEtails........ccoeeruererinieiienienienieiesiesie sttt sr s nee 74

4.2.1 Synthesis of graphene Nanofibers..........cccverereererienenieereneneeeesese e 74

Vil



4.2.2 Preparation of CH3NH3l Solution with graphene nanofibers.........ccccccceeneee 74

4.3 Results and DiSCUSSION...c..eiueeeerrerririeeeienteeieetenesre e sre e re s enennens 75

4.3.1 Morphology and crystallization of perovskite layer..........cccoceeveeneenienneenens 75

4.3.2 Photovoltaic PerfOrmMancCe .........cceceerieererniernieenieenieenieesieenieesieesieesseesieesieesseens 83

Table 4.1. Best performance of the Perovskite Solar Cells under AM 1.5 G illumination......85
Table 4.2. Average performance of the Perovskite Solar Cells .........ccocervieriierinnieninniienienn 85
Table 4.3. The electron transport time with respect to the PCE of the devices............cc....... 89
4.3.3 StADIIILY TS t.uveeteeieerieeieerieerie et et et teete e te et e beesbeesbe et e e beenbeenbeebeens 93

4.4 CONCIUSIONS ...cuvenritieieetentesteetesten sttt sttt et s e e s r e s b e e resresbeesnennesreeneennennens 94
RETETENCES ..ottt st 96

(O] 1T 0 11c) A SO OO PRSP PR PR 100
Improving crystallization and charge transfer by using a structured nanofiber scaffold for
PETOVSKIE SOIAT CEIL ..iiuriiiieiiiiieieee ettt st s e sbe e be e beesbaesaaenaeas 100
5.1 INtrOQUCTION ...eutiiiiiieeeiecteeeeee et r e r e e nne e 100

5.2 Experimental DetailS........cccveviirieiieinieenieirieesieeseesieesie ettt ettt sae e e neeens 104

5.2.1 Synthesis of TiO; nanofibers and TiO, nanofibers with embedded graphene
............................................................................................................................... 104

5.3 Results and DiSCUSSION. ....cc.uevuerriririeienienieeeesenre ettt aeees 104

5.3.1 Morphology and crystallization of perovskite layer.........ccceveereereereeniens 104

5.3.2 Photovoltaic Performance ........c.oceereereerieenieenieesieenieesieesieesieeseeesseesseesseesseens 113

Table 5.1 Best performance of the Perovskite Solar Cells under AM 1.5 G illumination.....116
Table 5.2. Average performance of the Perovskite Solar Cells ........ccoocvereineeneeneeneenieeneens 116
Table 5.3 The electron transport time with respect to the PCE of the devices..........cccceeunene 121
5.3.3 StADIIILY tEST.reereertierreerieerieeieesie et et et e e steesteesteesteesbeesbeesbeesbeebeenteenbeenreen 123

5.4 CONCIUSIONS ...uventiieenteienteeieete e st ettt s b e see et s b e et et e sbesse e e et e sbeeseeneenresreennennennes 125
RETETEICES ... ettt sttt be e b e e 127

(O] 1T o173 YU 130
Reducing Interfacial resistance of charge transport for perovskite solar cell...........cevveereenieennenne 130
6.1 INrOQUCTION ....tiiiiieieiecieeeee et r e e sre s naennas 130

6.2 Experimental DetailS........cccvevveriiiieniierieerieesieesieesieesieesieesieesiee e et esteesieesseeneeenseens 131

6.2.1 Synthesis of pristine graphene nanofibers..........coceveeveerereneenenienenieneniene 131

6.3 Results and DiSCUSSION. ....cc.ueuerirririerienienieeeesente ettt sre b e eas 131

6.3.1 Morphology and crystallization of graphene nanofibers............c.cccecverueennen. 131

6.3.2 Photovoltaic performance .........ccouereereereeneenienieseeseeseeseesee e see e snees 133

Table 6.1. Best performance of the Perovskite Solar Cells under AM 1.5 G illumination....135
Table 6.2. Average performance of the Perovskite Solar Cells .........ccceverineeieenenenieenennne 135
Table 6.3 The electron transport time with respect to the PCE of the devices. ........ccccccueneee 137

6.4 CONCIUSIONS ...uveeuveereeteeieesieesteesteesteesteesteesteesseesseesseesseesseesseesseesseessesssesssesssessseessenns 137

| S o3 1TSS RPRPR 138

CRAPLET 7.ttt sttt st a et e st b st et et e s bt et et e bt ebeea b et e sb e eab et e bt eheenb e besbeeaeenbeeas 140
Conclusions and FUuture OULLOOK. .......c.eevierierireriese et erie e eieesieestessteeteeteeeeeteeeesseeseenseenseenes 140
7.1 CONCIUSIONS ...uveeuvienreeteeteenieenteesteesseesseesseesseenseesseenseeseesseenseessessseessesssesssesssesssenssenns 140

7.2 FULUIE OULLOOK ...veiuveeiieiieieeieesieesie et e et e steesteesteesaeeseeesteeteesseesseenseenseenseenseessenns 142

7.3 RETCIENCES ..veeuveeieeieeieestee ittt ettt ettt ettt e be e beeste e be e be e s eebeenseenteesbeesbeesseens 144



LIST OF FIGURES

Figure 1.1. Illustration of the breakdown of incoming solar energy..........ccceceeerveennnne. 2
Frigure 1.2. Illustration of solar land area...........ccceecuevirieiinieeinieeeieesie e 3
Figure 1.3. The classification of the solar cells [9-10]......cccoeviviiiiiiiniiiinieerieerieeee 4
Figure 1.4. Best cell efficiency for different materials of solar cell [11].......ccceevuveenneee. 5
Figure 1.5. Schematic diagram p-n junction solar cell. .......ccccevrviiiniiiiniieeniieerieeeee, 6
Figure 1.6. Schematic structure for a-Si solar cells [13].....ccovviviiiiiniiiiniieenieerieeee 8
Figure 1.7. CdTe solar cell configurations: (a) superstrate and (b) substrate [16]......... 9
Figure 1.8. Schematic cross-section of CIGS based thin-film solar cells...................... 9
Figure 1.9. Schematic structure 0f DSSC [24] ..coveeiiiiiiiiieeieieeeereee e 10
Figure 1.10. Structure of the organic solar cell..........ccccovviviriiniininiiniiiieee, 11
Fig. 1.11. Crystal lattice of the methylammonium lead halide (CH3NH;3-PbX3)
PETOVSKITE SEIUCTUIE. ..veeivieeiiiieiiieesieeesiee st e stee e sire e s ae e s ia e e sbe e e sbaeesbaeesbeeesaseeenareeas 12
Figure 1.12. Schematic image of solvent engineering procedure for perovskite film
XS oL i 1102 0 W I X OO 14
Figure 1.13. Schematic image of two-step deposition approach ...........cccceeveervieennnne 15
Figure 1.14. Schematic image of vapor-assisted perovskite deposition process [53] .16
Figure 1.15. The schematic diagram of the HCVD method. .........cccoceeiiiniininnenns 17
Figure 1.16. Schematic draw of dual-source thermal evaporation system. ................. 17
Figure 1.17. Schematic image of spray deposition method system. ...........ccceeeenenee. 18
Figure 1.18. Schematic of doctor-blading fabrication methods...........cccecerverienennee. 19
Figure 1.19. (a) Mesoscopic perovskite solar cell with mesoporous TiO2 layer and (b)
planar structure without a mesoporous TiO2 layer.........ccevivviriiiiiiiiiiinicienecee 20
Figure 1.20. Fabrication procedure of the perovskite solar cell based on the ZnO
NANOTOd SCATTOIA. ..eeiiiiiiiiiciic e 21
Figure 1.21. The schematic of perovskite-coated TiO2 and Al203, illustrating electron
and hole tranSTer........cocuiiiiiiiiiii 22
Figure 1.22. Scheme of the degradation of a perovskite solar cell.............cccceeennnee. 25
Figure 1.23. Schematics of the proposed mechanism of UV-induced degradation in a
TiO02-based s0lar Cell ........cocuiviiiiiiiiiiiiiii 25
Figure 2.1. Flow chart for preparing graphene suspension..........cccceecveeeerercieneennennne. 37
Figure 2.2. Schematic setup for nozzle-less electrospinning setup. ..........cccceeveeuenee. 39
Figure 2.3. Schematic representation of the synthesis of TG nanofibers technique
SETUD. co ettt s 40
Figure 2.4. The schematic diagram of the SEM working principle........cccccecvervenenee. 41
Figure 2.5. Schematic diagram of FESEM. ........cccccciviiiiiiiiniiiniciccceceeee, 42
Figure 2.6. Principle Of PL.....c..cooiiiiiiice e 44
Figure 2.7. Comparison for the spectrum of 5,250 °C blackbody spectrum, sunlight at
top of the atmosphere and radiation at sea level..........cccoceeviriininiiniiniiiiiee, 47

X



Figure 2.8. Typical I-V CUIVE. ....ooiiiiiiiiiiciiecite ettt 48
Figure 2.9. Comparison of the solar simulator (ABET SUN 2000) spectrum and the

StANAATd AMIL.SG. oottt 49
Figure 2.10. Principle of IMPS. ..ottt 51
Figure 3.1. Device CONTIUIAtION. ....ccivuviiriiieeriiieeiiieerieeesieeesireessiteesieeesieeesreeesree e 56

Figure 3.2. (a) perovskite layer formed by PbI2(DMSO)x solution with HCI additive
and MAI; (b) perovskite layer formed by PbI2(DMSO)x solution and MAI; (c)
perovskite layer formed by PbI2 solution with HCI additive and MAL....................... 57
Figure 3.3. (a) XRD patterns of PbI2 thin film, PbI2 with HCI thin film,
PbI2(DMSO)x thin film and PbI2(DMSO)x with HCI thin film on the TiO2 dense
layer coated on FTO glass; (b) XRD patterns of pristine perovskite, the perovskite
with HCI added, the perovskite formed by PbI2(DMSO)x and MAI, and the
perovskite formed by PbI2(DMSO)x with HCl and MAI .........cccoovieiiiinienieieee, 59
Figure 3.4. J-V curves measured under 100 mW-cm 2 AM1.5G illumination. .......... 62
Figure 3.5. J-V curves in reverse and forward sweep. (a) perovskite layer formed by
Pbl,(DMSO)x solution with HCI additive and MAI; (b) perovskite layer formed by

PbI2(DMSO)x and MAL....ccveeuieiieiieieieieniesie sttt sttt s 63
Figure 3.6. External quantum efficiency .......ccocceeveeriiriiiiiiiiienceeeseeeeee e 64
Figure 3.7. UV—vis Absorbance Spectra.........c.ccuveevviriiiiiiiiniiininiiiicneccieneeseeneen 65
Figure 3.8. Typical IMPS response of different types of perovskite solar cell............ 66

Figure 3.9. Stability on performance of the devices (a) under 85% humidity and at
room temperature and (b) under white LED light and at 50 °C (The insert pictures in
(a) and (b) are the comparison of the slops for with HCI (black line) and without HCI

(red 1ine), reSPECLIVELY). .oueiiiieiieiieeee e e 68
Figure 4.1. (a) Pristine MAI solution. (b) MAI with graphene nanofibers solution with
slight tint 0f @reY COLOT.....cccuiiiiiiiiiiiiii e 74

Figure 4.2. (a)-(b) Pristine perovskite layer before annealing. (c)-(d) Perovskite with
graphene nanofibers before annealing. (e) Pristine perovskite layer after annealing. (f)
Perovskite layer with graphene nanofibers after annealing. ...........ccecevvivvrcicniinnennee. 77
Figure 4.3. Schematic for role of graphene nanofibers in the crystallization of the
PETOVSKILE ...ttt 78
Figure 4.4. (a) cross-section of the pristine perovskite. (b) cross-section of perovskite
with graphene nanofibers. .........cocviviiiiiiiiiiii s 78
Figure 4.5. SEM images of (a) graphene nanofibers centrifuged 3 min showing
graphite flakes; (b) graphene nanofibers centrifuged 20 min (best condition); (c)
graphene nanofibers centrifuged 60 MiN.........ccccoeiiiiiiiniiiiniineee s 80
Figure 4.6. SEM images of (a) perovskite layer with graphene nanofibers (centrifuge
time 3 min) (b) perovskite layer with graphene nanofibers (centrifuge time 60 min).80
Figure 4.7. XRD patterns of perovskite layers with and without graphene nanofibers.

...................................................................................................................................... 81
Figure 4.8. Raman spectrum of (a) perovskite layers; (b) graphene nanofibers
(centrifuge time 1S 20 MNIN)...c..eiiieriieiiiieiee ettt sae e b e saeesneesaeeeas 82
Figure 4.9. J-V curves measured under 100 mW-cm 2 AM1.5G illumination. .......... 84

Figure 4.10. J-V curves in reverse and forward sweep (a) perovskite with graphene

Xl



nanofibers (centrifuge time 20 min); (b) control device........ccccevvviiriieiniiiiniieinieeens 86

Figure 4.11. External quantum effiCiency. ......ccveviuieiiiiiiiiiieiee e 86
Figure 4.12. UV—vis AbsSOrbance SPeCtra.......cccevvuiririieiiiieinieeeiieesiieesiee e svee e 87
Figure 4.13. Typical IMPS response of the devices under different conditions. ......... 88
Figure 4.14. Comparison chart of the transport time and PCE for the devices under
different CONAITIONS ...c..veeiuiieiieiie et 88
Figure 4.15. The Schematic of the role of graphene nanofibers for the electron
1821 0 1) 010 ST PP PPPPPUPPPRR 90
Figure 4.16. Steady-state PL of perovskite films under different conditions............... 91
Figure 4.17. The TRPL of the perovskite film under different conditions .................. 92

Figure 4.18. Performance stability of the devices under 85% relative humidity at room
temperature: (a) PCE (inset shows comparison of the slopes for the devices with
graphene nanofibers and without graphene nanofibers); (b) Voc; (¢) Jsc; (d) FF.......... 94
Figure 5.1 The idealized model of the formation of perovskite crystals on the
structured TiO2 nanofibers scaffold layer. ........cccoovvviniiiiiiiniiiie, 106
Figure 5.2. Raman spectra of TG nanofibers...........coceevvienieiiniieniiiiciiniciccienee 107
Figure 5.3 (a) SEM image of the TG nanofibers (graphene precursor solution
centrifuged 5 min). (b) Define vertice of polygon at center of opening between
nanofibers. (c) Crystals boundary based on vertices of the openings with crystal
wrapping about crisscross nanofibers. (d) SEM image of perovskite layer with TG
nanofiber scaffold. (¢) Comparing the size of actual perovskite crystals and the
modelling crystals. (f) SEM image of perovskite layer without TG nanofiber scaffold.

(g) TG nanofibers (graphene precursor solution centrifuged 3 min). .......ccccceevueeneee. 111
Figure 5.4. XRD patterns of the perovskite layers with and without TiO/graphene
NANOTILErs SCATTOIA . ..o 112
Figure 5.5. UV—vis Absorbance Spectra.........ccccvvveririiiriiinieneniieniesicicnecsecieniens 113
Figure 5.6 J-V curves measured under 100 mW-cm 2 AM1.5G illumination. ......... 116
Figure 5.7 TGA of the TG nanofibers with different graphene suspension
CeNIIfUZALION TIME ...veiuviiiiiiiiiiiiicece e 117
Figure 5.8. J-V curves in reverse and forward sweep (a) sample with TiO/graphene
nanofibers (centrifuge time 5 min) scaffold; (b) control device. .......c..cccevveereernennee. 118
Figure 5.9. External quantum effiCiency. .......cccccvvueririiiiiiniiiinicnccccecccee 118
Figure 5.10 Typical IMPS response of the devices under different conditions.......... 120
Figure 5.11 Comparison chart of the transport time and PCE for the devices under
different CONAITIONS. ......eeiuiiiiiiiie ettt 120

Figure 5.12. Steady-state PL spectra of perovskite films under different conditions.122
Figure 5.13. The time-resolved photoluminescence of the devices under different
conditions (t1 and t2 are the lifetimes associated to the fast and slow recombination,
TESPECLIVELY ).ttt 123
Figure 5.14 Stability on performance of the devices under 85% humidity and at room
temperature (The insert pictures in (a) are the comparison of the slopes for the devices
with TG nanofibers scaffold (red line) and without scaffold (black line), respectively).

Figure 6.1. SEM image of the graphene nanofibers (centrifuged 60 min) on the TiO>

Xl



ENSE LAY CT. ..eeieiiiiie ettt st e s e e s e e e e e e e nabee s 132

Figure 6.2 Raman spectra of graphene nanofibers........cccoccevevveeivieeniieiniieenieeeeeenn 133
Figure 6.3. J-V curves measured under 100 mW-cm 2 AM1.5G illumination. ........ 134
Figure 6.4. External quantum effiCiency......cccccvevviiiiniiiriiiieirieecieeeee e 135
Figure 6.5. Comparison chart of the transport time and PCE for the devices under
different CONAITIONS ...c.ueeveeeiiiiie e 136

Xl



LIST OF TABLES

Table 3. 1 Experimental ChemiCals .........ccoceverieiriiinieieineeesereeee e 35
Table 3.1(a). The full width at half maximum of (110) peak of the perovskite layer.............. 60
Table 3.2(a). Best performance of the Perovskite Solar Cells under AM 1.5 G illumination .62
Table 3.2(b). Average performance of the Perovskite Solar Cells.........ccccoceverienencnennienenne. 62
Table 3.3. The electron transport time with respect to the PCE of the devices...........c.cc........ 66
Table 3.4. The degrade of the PCE for the devices in the stability test.........c.ccoerervrerennenene 68
Table 4.1. Best performance of the Perovskite Solar Cells under AM 1.5 G illumination......85
Table 4.2. Average performance of the Perovskite Solar Cells .........coceevevenenienienenensienienne. 85
Table 4.3. The electron transport time with respect to the PCE of the devices............cc........ 89
Table 5.1 Best performance of the Perovskite Solar Cells under AM 1.5 G illumination.....116
Table 5.2. Average performance of the Perovskite Solar Cells .........cccceveereineeneeneenienenns 116
Table 5.3 The electron transport time with respect to the PCE of the devices..........ccccc..... 121
Table 6.1. Best performance of the Perovskite Solar Cells under AM 1.5 G illumination....135
Table 6.2. Average performance of the Perovskite Solar Cells .........cccceeveeneiieenieneenieneens 135
Table 6.3 The electron transport time with respect to the PCE of the devices. .........ccccceu.e.. 137

XV



Chapter 1

Introduction

Increasing energy demands and concerns about global warming drive the
exploration/development of clean, inexpensive and renewable energy sources (such as
solar energy, geothermal energy, wind energy, biomass energy, tidal energy),
especially for the past 10 years. Solar energy is a good choice for clean energy as the
resource is sufficient for our use. Solar cells or photovoltaics can convert directly
solar energy into electricity. This has attracted a great deal of attention in the past
decades. However, compared with conventional power generation, the cost of the well
commercialized silicon-based solar cells is too high. Organic photovoltaic cells
(OPVs), dye sensitized solar cells (DSSCs)and quantum dot solar cells (QDSCs),
have attracted significant attention as low-cost alternatives to conventional
silicon-based solar cells. Recently, hybrid organometal halide perovskites, which were
initially employed in DSSCs as light absorbers, have gradually become one of the
most important active materials for all-solid-state solar cells (which can be named as
perovskite solar cells) [1]. Being a low-cost and high-performance photovoltaic
device, the hybrid organic—inorganic halide perovskite solar cell has attracted
extensive attention [2-5]. To-date the highest efficiency for PSC has already reached
23.3% [6]. Although magnificent progress has been made for PSC, there are still
many issues and barriers have not been fully and well investigated which can affect
the improvement of the performance of the PSC. Therefore, improving the techniques
for fabricating the PSC to enhance the performance of the devices is imperative. The
introduction of the background and a review of the relevant literatures will be

provided in this chapter.



1.1 Solar energy

The Earth receives 174 petawatts (PW) of incoming solar radiation (insolation) at the
upper atmosphere. Approximately 30% is reflected back to space while the rest is
absorbed by clouds, oceans and land masses, this can be shown in Figure 1.1. The
spectrum of solar light at the Earth's surface is mostly spread across the visible and

near-infrared ranges with a small part in the near-ultraviolet.
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Figure 1.1. Illustration of the breakdown of incoming solar energy.
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Frigure 1.2. Illustration of solar land area.

From Figure 1.2 we can see that geography affects solar energy potential because
areas that are closer to the equator have a greater amount of solar radiation. However,
the use of photovoltaics that can follow the position of the sun can significantly
increase the solar energy potential in areas that are farther from the equator. Earth’s
average solar power is 120,000TW, while the current average global power
consumption is only approximately 18TW. As a result, solar radiation is a viable

energy source to cover most of the global energy demand.

1.2 Solar Cell

1.2.1 Background

A solar cell, or photovoltaic cell, is an electrical device that converts the energy of
light directly into electricity by the photovoltaic effect. In 1839, Alexandre-Edmond
Becquerel first observed the photovoltaic (PV) effect [7]. Earlier solar cells are mainly
thin silicon wafers. With the development of the solar cell, the modern photovoltaic

technology is based on the principle of electron hole creation in each cell composed of
3
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two different layers (p-type and n-type materials) of a semiconductor material [8].
Various types of materials are applied to fabricate the solar cells, on the basis of these
materials, the solar cells can be categorized into different classes as shown in Figure
1.3. Figure 1.4 shows the gradual development of solar cells fabricated from different

materials and their best efficiencies.
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Figure 1.4. Best cell efficiency for different materials of solar cell [11].

1.2.2 Working principles of solar cells

A solar cell is basically a p-n junction diode. It utilizes photovoltaic effect to convert
light energy into electrical energy. When a configuration consisting of both n-type and
p-type semiconductors, the charge separation can be occurred due to bending of the
bands in the depletion layer, the schematic diagram is shown in Figure 1.5. When
light reaches the p-n junction, as shown in Figure 1.5, the light photons can easily
enter in the junction, through very thin p-type layer. The light energy, in the form of
photons, supplies sufficient energy to the junction to create a number of electron-hole
pairs. The incident light breaks the thermal equilibrium condition of the junction. The
free electrons in the depletion region can quickly come to the n-type side of the
junction. Similarly, the holes in the depletion can quickly come to the p-type side of
the junction. Once, the newly created free electrons come to the n-type side, cannot

further cross the junction because of barrier potential of the junction.



Similarly, the newly created holes once come to the p-type side cannot further cross
the junction became of same barrier potential of the junction. As the concentration of
electrons becomes higher in one side, i.e. n-type side of the junction and concentration
of holes becomes more in another side, i.e. the p-type side of the junction, the p-n
junction will behave like a small battery cell. A voltage is set up which is known as
photo voltage. If we connect a small load across the junction, there will be a tiny

current flowing through it.
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Figure 1.5. Schematic diagram p-n junction solar cell.

1.3 Silicon-based solar cells

The silicon-based solar cell can be divided into three types: monocrystalline silicon
(c-Si1), polycrystalline silicon (poly-Si) and amorphous silicon (a-Si). Crystalline
silicon solar cells are the dominate type in the solar-cell market, with up to 93%

market share [12]. The theoretical PCE limit is 28% for monocrystalline solar cells,

6



the realized best efficiencies of research have reached 26.6%. However, these large
single crystal productions require precise processing which is expensive and multi
process. Polycrystalline silicon is generally composed of a number of different
crystals, coupled to one another in a single cell, the best PCE is 22.9%. The
processing of polycrystalline Si solar cells is more economical compared with
monocrystalline solar cells, but the efficiency is lower than that of monocrystalline
solar cells. Amorphous silicon is the non-crystalline form of silicon. It has a high
absorption capacity and can therefore be used in solar cells with very small layer
thicknesses (usually about a factor of 100 smaller than in crystalline silicon), saving
on material costs. The structure of a-Si solar cell is shown in Figure 1.6. However,
this PCE of this type of solar cell (the best PCE is 14%) is still lower than that of
monocrystalline solar cells. The low efficiency rate is partly due to the
Staebler-Wronski effect, which manifests itself in the first hours when the panels are
exposed to sunlight, and results in a decrease in the energy. Despite its lower
performance as compared to c-Si solar cells, amorphous silicon solar cells can be
deposited at very low temperatures and on various structures, not only on glass but
also plastic. Due to their simplified and lower cost production, a-Si solar cells have
mostly been used for electronic devices with very little power requirements such as

watches and pocket calculators.
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Figure 1.6. Schematic structure for a-Si solar cells [13].

1.4 Cadmium Telluride (CdTe) and Copper Indium Gallium
Di-Selenide (CIGS) Thin Film Solar Cells

1.4.1 CdTe solar cells

Due to the near-ideal bandgap of ~1.5 eV and high optical absorption coefficients,
CdTe was recognized as a promising thin-film solar cell material back in 1950s [14].
As shown in Figure 1.7, CdTe solar cells can be fabricated in superstrate or substrate
configurations. Cadmium sulfide (CdS) is usually used to combine with CdTe to
produce a sandwiched p-n junction solar cell. Fabrication of efficient cells required
certain postdeposition process steps that had to be applied to the already deposited
CdS/CdTe film stacks [15]. The best efficiency of this type of solar cell is 21.5%.
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Figure 1.7. CdTe solar cell configurations: (a) superstrate and (b) substrate [16].

1.4.2 CIGS solar cells

CIGS is a tetrahedrally bonded semiconductor with a chalcopyrite crystal structure.
Through adjust the Se/S and In/Ga ratios, the bandgap of CIGS can be tuned between
1.04 eV and 2.4 eV. A schematic diagram of a CIGS based solar cell having a
structure of substrate/Mo/p-CIGS/n-CdS/intrinsic ZnO/ZnO:Al/ARC/metal-grid is
shown in Figure 1.8 [17]. For high efficiency solar cells, the sputtering technique is
used for depositing molybdenum (Mo) and ZnO. Vacuum and non-vacuum (chemical
bath deposition, CBD) process methods are used for the deposition of the CIGS

absorber layer and CdS window layer respectively. The best performance of such kind

of solar cell is 22.9%.
Light
ARC MgF,75-125 nm
dddddd il ’
AL Aldoped ZnO ~300 nm
Ni S0n High resistive ZnO ~100 nm
CdS Window layer 40-80 nm

p-type CIGS Absorber 1-3 pm

Moly back contact 1.5-2.0 pm

Soda-lime glass/polyimide
substrate

Figure 1.8. Schematic cross-section of CIGS based thin-film solar cells.
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1.5 Dye-sensitized solar cells (DSSC)

The basic structure of a typical DSSC is composed of a sensitized mesoporous wide
band-gap semiconductor, i.e., the sensitized photoanode, a counter electrode and an
electrolyte [18-20]. The photoanode is the key component in DSSC, which captures
the photons and transport them to the substrate. There are many different wide
band-gap semiconductors can be used in the photoanode system, such as TiO>, ZnO,
and SnO,. Among these, TiO> still shows the highest performance [21-23]. The best
performance of this type of solar cells is 11.9%. Figure 1.9 shows the schematic

structure of DSSC.

Glass
FTO

+— Ferrocene electiolyle

TR O
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Figure 1.9. Schematic structure of DSSC [24].

1.6 Organic solar cell (OSC)

Based on thin film polymers, small molecules, or both, organic photovoltaic cells
usually are fabricated by very simple and cost-efficient techniques, such as spin
coating, spray deposition, and printing. OSVs are usually divided into small-molecule
solar cells and polymer solar cells. The best performance of this type of solar cell is

12.6%. The organic solar cell structure is shown in Figure 1.10 [25].
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Figure 1.10. Structure of the organic solar cell.

1.7 Overview of The Inorganic-organic Hybrid Perovskite

Solar Cells

With the rapid increase of efficiency up to 23.3% during the past few years, being a
low-cost and high-performance photovoltaic device, the hybrid organic—inorganic
halide perovskite solar cell has attracted extensive attention [2-4, 26]. The unique
properties of these absorber layers provide a number of advantages in optoelectronic
applications that in many ways originate from the nature of the perovskite lattice
[27-29]. The perovskite light absorption layer has a general formula of ABX3, where
A is an organic cation or inorganic cation (e.g., methyl-ammonium MA",
formamidinium FA*, Cesium [Cs'], rubidium Rb"), B is a metal cation (e.g., Pb*",
Sn**) and X stands for the halide anion (e.g., I, Br, Cl°,). The crystal lattice of the
methylammonium lead halide (CH3NH3-PbX3) perovskite structure is shown in
Figure 1.11 [30]. Methyl-ammonium-lead-iodide (MAPbI3) is the most widely used
perovskite light absorber. Additionally, several organic cations (NHCH=NH,"),
inorganic cations (Cs** and Sn?") and halide anions (Br~, Cl") have been used to

improve the efficiency and stability [31, 32].
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Fig. 1.11. Crystal lattice of the methylammonium lead halide (CH3NH3-PbX3)

perovskite structure.

The first record of perovskite-based solar cell which based on a DSSC structure was
reported by Miyasaka et al., the efficiency is only 3.8% [33]. The boost of the
efficiency was started from the application of solid-state HTM onto the
highly-crystallized perovskite layer. Lee et al. [34] reported a breakthrough device
efficiency of 10.9% in 2012. A remarkable efficiency of 20.1% was achieved due to
the application of another perovskite material, formamidinium iodide (HC(NH2)-Pbls,
FAI) together with poly-triarylamine (PTAA) as a new HTM in 2015 [2]. The current

record efficiency of PSCs was 23.3 which is shown in Figure 1.4.

1.7.1 Techniques for preparing the perovskite film

As the core part of perovskite solar cells, the morphology and crystal structure of
perovskite absorbers are vital for achieving high-performance devices. Various
thin-film deposition techniques have been studied for the fabrication of high
performance devices, such as the solution processing technique, vapor-assisted
solution technique, thermal evaporation, spray deposition and doctor blading. The
basic chemical process for the synthesis of the perovskite layer involves the reaction
between the organic precursors, such as MAI and FAI and the inorganic precursors,

such as Pbl,, PbCl, and PbBr».
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1.7.1.1 Solution deposition process

One-step spin coating. Due to the easy operation and low cost, one step deposition
was widely used in PSC fabrication. In this approach, a mixture of metal halide and
organohalide of certain ratio is dissolved in a common solvent and spin-coated on a
substrate [35]. This approache had a great starting point of a 10.9% efficiency
reported by Lee et al [36], where the MAI and PbCl> were dissolved in DMF in a
molar ratio of 3:1. However, due to poor film formation (incomplete surface coverage
with pinholes) induced by extensive crystallization caused by solvent evaporation and
strong ionic interaction between the metal cations and the halides [37,38], efficiencies
of planar devices prepared using this method are usually limited. The solvent
engineering approach demonstrated by Jeon et al. is an attractive approach to aviod
the limitations of the one-step spin-coating process, which tends to yield an
inhomogeneous perovskite film hampering its reproducibility [39]. The perovskite
film is deposited from a precursor solution dissolved in a mixture of
dimethylsulfoxide (DMSO) and g-butyrolactone (GBL) (DSMO : GBL = 3 : 7 v/v),
immediately followed by a toluene drip while the substrate is spinning, the schematic
image of this procedure for perovskite film preparation is shown in Figure 1.12.
Owing to the miscibility with both DMSO and GBL, toluene was chosen in this
process, so that it does not dissolve the precursor materials. Therefore, the toluene
drip removes excess DMSO solvent and encourages supersaturation in the cast film

and hence fast nucleation.
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Figure 1.12. Schematic image of solvent engineering procedure for perovskite film

preparation [40].

Two-step spin coating. The perovskite deposition by two steps separates the coating
of PbX; (X=Cl, Br or I) and MAI/FAI layers. First, a PbX> seed layer would be
spin-coated on a substrate. Next, the MAI/FAI incorporation would be done by either
dipping the PbX;-covered substrate into MAI/FAI solution [41] or spin-coating of
MAI/FAI [42] solution. This approach offers the possibility of a more controlled
crystallization of perovskite [43,44]. The schematic image of two-step deposition
approach is shown in Figure 1.13 [3]. By using this approach, Gritzel group for the
first time successfully fabricated perovskite cell that had 15% efficiency [45]. Similar
as one-step method, proper solution engineering including solvent mixing and use of
additives could be also applicable to two-step fabricated PSCs. Li et al. [3] reported a
method by mixing DMSO with DMF, the resulted PCE was 17.16%. The better
coordination of DMSO with Pbl; and an extra intermolecular exchange between
DMSO and MALI can assist the decomposition of intermediate state and the formation
of perovskite. Another work used two-step method achieved a PCE of 20.2% by
introducing PTAA and taking advantage of intramolecular exchange with DMSO

catalysis [46].
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Figure 1.13. Schematic image of two-step deposition approach.

1.7.1.2 Vapor-assisted solution process

Vapor-assisted solution method could be considered as a modified two-step method.
During the second step, vaporized MAI/FAI reacted with Pbl; to form perovskite
phase after further film annealing. Chen et al. [47] used as-synthesized MAI vapor
(very small particles) applied on spin-coated Pbl, precursor under a 150 °C baking.
The whole perovskite fabrication was done in glove box. This approach was later
modified by transferring a two-step as-deposited MAPbCl3—«Ix on ITO/PEDOT:PSS
substrate into a closed petri dish container and heated together with MACI powder
starting from 100 °C, which resulted a PCE improvement of 15.1% with a 60-day
stability [48]. Figure 1.14 shows a detail description about this process. Recently, a
device with a planar structure of was fabricated by heating FTO/c-TiO2/Ceo/Pbl> with
uniformly-spread FAI and MAI powders in low vacuum under 170 °C for 30 min. By
adjusting the powder ratio, they finally achieved a PCE of 16.48% [49].
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Figure 1.14. Schematic image of vapor-assisted perovskite deposition process [48].

1.7.1.3 Hybrid chemical vapor deposition

Hybrid chemical vapor deposition is a modified method of Vapor-assisted solution
process in which the MAI powder and as-deposited PbX; film are heated at different
temperatures. Matthew R. Leyden et al. [50] first applied this method by loading the
pre-deposited PbClz film and MAI powder into a furnace at two different temperature
zones of 130° C and 185° C, respectively, under a pressure of 100 Pa. The schematic
diagram of the HCVD method is shown in Figure 1.15. The resulted efficiency is
11.8%. In Jun Yin’s work [51], they used a hot air flow to heat the MAI powder and
Pbl film. The hot air flow can simultaneously carry the MAI vapor downstream to
the Pbl; film to facilitate the growing of perovskite films with large grain sizes. The

highest PCE is 18%.

High temperature ~ Low temperature
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Figure 1.15. The schematic diagram of the HCVD method.

1.7.1.4 Thermal evaporation deposition

Liu et al. [52] applied a dual-source co-evaporation with sources of MAI and
PbCl2/Pbl> on rotated substrate under a high vacuum and they fabricated a planar
structure PSC of 15.4%. Figure 1.16 showed the evaporation system. Olga
Malinkiewicz et al. [53] deposited a uniform MAPbI; film by heating two ceramic
crucibles filled with MAI and Pbl; to 70 °C and 250 °C, respectively. A PCE of 12.04%

was achieved.

(9
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D

“Q

Organic Inorganic
source source

Figure 1.16. Schematic draw of dual-source thermal evaporation system.

1.7.1.4 Spray deposition

Ultrasonic spray-coating was demonstrated by Barrow et al. [54], they fabricated
planar perovskite solar cells by using this method under ambient conditions. Figure
1.17. shows the schematic image of spray deposition system. The perovskite films

were deposited onto the compact TiO; substrate under ambient conditions by using a
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Prism ultrasonic spray-coating system. During perovskite precursor spray-coating, the
compact TiO, substrates were heated at 75°C. After that, the substrates are transferred

onto the hotplate for thermal annealing.

AR BRI SN

N

Perovskite
(CH,NH,PbI,)
1o

Figure 1.17. Schematic image of spray deposition method system.

1.7.1.4 Doctor blading techniques

Deng et al. used a scalable doctor-blade coating to fabricate MAo.sFAo4Pblz PSCs,
obtaining a high efficiency of 18.3% [55]. Figure 1.18 shows the schematic of
doctor-blading fabrication methods. The thickness of the perovskite film was
controlled by adjusting the concentration of the precursor solution and the
blade-coating speed. A perovskite module with 11.09 cm? active area has a PCE of
14.06% which was fabricated by blade-coating. It is confirmed that by using
blade-coating technique the high quality of the perovskite films can be produced over

a large substrate area.
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Figure 1.18. Schematic of doctor-blading fabrication methods.

1.7.2 Structures of perovskite solar cell

The architecture is an important item that can affect the device performance of
perovskite solar cells. It can dictate the choice of materials, the deposition techniques
for the material and the compatibility between the different components in the device.
Two common architectures of perovskite solar cells have been developed, they are
mesoscopic and planar structures. Figure 1.19 shows schematic image of the device

structures and energetics.
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Figure 1.19. (a) Mesoscopic perovskite solar cell with mesoporous TiO; layer and (b)

planar structure without a mesoporous TiO: layer [56].

1.7.2.1 Mesoscopic architecture of perovskite solar cell

So far, TiO nanoparticles have been the most commonly employed materials as the
scaffold for mesoscopic perovskite solar cells. This porous TiO; film not only extracts
photoexcited electrons generated in the absorber layer [57] but also increases the
perovskite crystal transformation when the perovskite layer is fabricated by using
solution deposition process [58]. Many publications suggest that the efficiency of
mesoscopic perovskite solar cells is strongly dependent to the thickness of the TiO>
scaffold layer. Unlike DSSCs which required a thick TiO; scaffold (~ 3 pum) to
achieve sufficient absorption, perovskite solar cells only need a submicron thick
mesoporous TiOz layer to achieve good performance [59]. At present, tremendous
attention has been paid on the optimization of this mesoporous TiO»-based device,

including the modification of the TiO; nanostructure, perovskite layer and HTM.

It should be noted that besides TiO> nanoparticles, TiO2 nanocrystals in other forms
(e.g., nanorods, nanowires, nanofibers, nanotubes and nanocones) and similar n-type

materials such as ZnO and AlbOs have been applied to make the scaffold for
20



mesoscopic perovskite solar cells, which can also act as an efficient electron collector
[60-65]. Nanostructured ZnO 1is a viable n-type alternative scaffold to mesoporous
TiO> for perovskite solar cells due to its comparable energy levels as well as relatively
higher electron mobility [66,67]. Park et al. [68] used ZnO nanorods arrays as the
scaffold to fabricate the PSCs, the final the PCE to 11.13%. Figure 1.20 shows the
fabrication procedure of the perovskite solar cell based on the ZnO nanorod scaffold.
Snaith and coworkers used insulating mesoporous Al>O3 to replace mesoporous TiO:
[69]. No photoexcited electrons were injected into AlbOsz but directly transported
throughout the perovskite layer and were collected at the compact TiO2-coated FTO
electrode, this can be seen in Figure 1.21. Unlike the mesoporous n-type TiO2-based
perovskite solar cells, Al,O3 acts only as a “scaffold” and the perovskite layer

functions both as an intrinsic absorber and electron transporter.

(1) ZnO Nanorod (2) Pbl, coating (3) CH;NHj,l coating

—

(4) HTM coating (5) Au coating

Figure 1.20. Fabrication procedure of the perovskite solar cell based on the ZnO

nanorod scaffold.
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Figure 1.21. The schematic of perovskite-coated TiO2 and Al1203, illustrating electron
and hole transfer.

The interface engineering of mesoscopic materials is one good way to optimize
charge transport and recombination. Recently, an ultrathin MgO nanolayer was
applied to retard charge recombination between the electrons injected into TiO:

nanoparticles and the holes in perovskite materials [2].

1.7.2.2 Planar architecture of perovskite solar cell

There are two different types of device structure for the planar architecture of
perovskite solar cells. One is “n-i-p” planar architecture
(FTO/ETL/perovskite/HTL/Au), and another is the “p-i-n” planar inverted structure
(FTO/HTL/perovskite/ETL/Ag).

“n—i—p” planar perovskite solar cells. The critical factor which can determine the
resulting device performance is the morphology of the absorber layer. In 2013, Snaith
et al. fabricated the PSCs in the planar structure with a high MAPbI;xClx perovskite
coverage, the final PCE i1s 11.4% [70]. Later, Han and coworkers optimized the
solution deposition process, using a strongly coordinative solvent (DMSO) instead of

the commonly used DMF to dissolve Pbl, and fabricate Pbl, films, the obtained
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MAPDI; perovskite film with relatively uniform distributions of crystal sizes [47].
Planar structure device demonstrated good reproducibility and yielded the highest
PCE of 13.5%. Spiccia and coworker reported a planar structure PSC by using
one-step, solvent-induced, fast crystallization method to control the dynamics of
nucleation and grain growth of MAPbI3. The resulted maximum PCE is 16.2% [71].
Kelly and coworkers reported the application of a thin ZnO nanoparticle film as an
electron-transport layer in a planar structure solar cell
(ITO/bl-ZnO/MAPDI3/spiro-OMeTAD/Ag) [72]. The higher electron mobility of ZnO
than that of TiO2 [73] and the large crystallite size resulted in a higher Jsc (20.4 mA
cm™) with a PCE of 15.7%.

Besides the modification of the perovskite layer and ETL, other types of p—i—n
junctions with different p-type HTMs such as organic P3HT [72], PTB7-Th [74] and

inorganic CuSCN [75] were also reported with favorable performance achieved.

Additionally, in the planar structure, the interface engineering also impacts on the
charge transport and recombination. Yang’s group applied polyethyleneimine
ethoxylate (PEIE) to modify the ITO layer with reduced the work function and by
doping yttrium into the TiO2 compact layer to increase the carrier density. As a result,
the electron transport channel in the planar structure perovskite solar cell can be

improved [76].

Inverted “p—i—n” planar perovskite solar cells. Guo and coworkers firstly reported
a inverted devices based on a planar junction of MAPbI;
perovskite/fullerene-derivative structure, in which MAPbI3 acted as a “donor”
material while C60, PC60BM or an indene—C60 bisad-duct (IC60BA) acted as the
“acceptor’’ material (consisting of glass/ITO/PEDOT:PSS as the positive electrode, a
thin bathocuproine (BCP) film as the hole-blocking layer, and an Al negative
electrode) [4]. In order to modify the interface work function and then reduce the
potential energy loss, Lee et al. applied a new self-organized hole extraction layer,
which was composed of PEDOT:PSS and a perfluorinated ionomer (PFI), and the

resulted PCE is 11.7% [42]. Later, Huang et al used interdiffusion of spin-coated
23



stacking layers of Pbl, and MAI to form a high quality film [77]. Device based on an
ITO/PEDOT:PSS/MAPDLI3/PC60BM/C60/BCP/Al  structure obtained a PCE of
15.3%.

1.7.3 Stability of perovskite solar cells

A long device lifetime of PPSCs is the ultimate goal. This requires proper means to
avoid the water, air and high energy photons getting into the device and destroying the
perovskite, and to prevent the degradation of the electrode. Figure 1.22 shows the
products of the decomposition process cause the degradation of a perovskite solar cell
in several pathways. This process was observed by Yu Han et al. through applying the
cross-sectional FIB-SEM technique [78]. Seok’s group [21] observed that at a
humidity of 55 RH% the PCE of a MAPbI3-based solar cell suffers a faster decrease
than that at 35 RH%, which confirmed the influence of water on the stability of
perovskite solar cells. Temperature is another vital factor that can affect the
decomposition of a perovskite film. As known the solar-illumination-induced
temperature is higher than 50 °C, so this problem should not be overlooked. Yi-Bing
Cheng and co-workers [79] observed that even at very low humidity (<10%), the
devices have a more serious PCE decay at higher temperatures (55-85 °C) than that at
lower temperatures (-20-10 °C). A mesoporous TiO> layer in the PSCs was used to
transport photo-generated electrons. However, TiO: is an important semiconductor for
photocatalysis [79] and is sensitive to ultraviolet (UV) light. As shown in Figure 1.23
oxygen molecules in air tend to be adsorbed on the oxygen vacancies on the TiO:
surface. It was hypothesized that under UV light excitation, at the TiO> surface, the
photogenerated holes in the valence band could recombine with the electrons at
oxygen vacancies. As a result, free electrons are left in the conduction band and
unfilled oxygen vacancy sites are formed. These deep electronic sites could further
trap the photogenerated electrons, and these may act as the sites for the recombination,

which results in the instability of the UV-aged perovskite solar cells.
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1.8 Objectives
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Figure 1.22. Scheme of the degradation of a perovskite solar cell.

Figure 1.23. Schematics of the proposed mechanism of UV-induced degradation in a

Many research works have done to optimize the stability of the devices, such as
improve the encapsulation techniques, application of barrier layers directly onto
perovskites and devices, investigate more stable electrodes and optimize the

techniques for growing of perovskite films with larger grain to improve the moisture

This thesis will focus on investigating the influences of growth techniques and



structure optimization on the solar cell efficiency and stability. Chapter 2 will
introduce the methodology that have been used in the study and the basic
characterization techniques. Chapter 3 will focus on investigating the mechanism of
use both DMSO and HCI as the additive in the formation of perovskite layer. The
charge transport property and stability will also be studied. Chapter 4 will introduce a
method for applying the pristine graphene nanofibers into the perovskite layer to
facilitate the surface coverage and crystallization of the perovskite layer and also
improve the charge transport property. Additionally, the stability of the devices has
been studied. Chapter 5 will present a thin structured TiO2 embedded with graphene
nanofibers scaffold. The effect of such scaffold on the formation of perovskite layer
and the charge transport property will be investigated. Meanwhile, the stability also
has been studied. Chapter 6 will introduce a method to fabricate an ultrathin graphene
nanofibers interlayer between the ETL and perovskite layer to reduce the interfacial

resistance. Chapter 7 will provide the conclusions of this study.
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Chapter 2

Methodology

2.1 Introduction

This chapter describes the methodology for the fabrication of graphene suspension
and the nanofibers. The characterization methods of the devices and the target
compounds can be found in this chapter. The generation of the intermediates are also

explicated in detail.

2.2 Materials and Reagents

Table 2. 1 Experimental chemicals.

Material Name Manufactory Purity
Titanium isopropoxide (TIP) Sigma Aldrich 97%
Polyvinyl pyrrolidone Sigma Aldrich NA

(PVP) (MW = 1,300,000)

Acetic acid (HAc) Sigma Aldrich =99.7%

Ethanol Advanced 95%

Graphite powder Sigma Aldrich NA

Titanium tetrachloride International ~ Laboratory =99%
USA

Dimethyl sulfoxide (DMSO) DUKSAN 99%
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N,N-Dimethylformamide (DMF) Sigma Aldrich 99.8%

Lead(II) iodide (Pbl>) Sigma Aldrich 99%
Toluene DUKSAN 99.9%
Methylammonium iodide (MAI) Dyesol NA
Isopropanol (IPA) AQA 99.5%
Hydrochloric acid (HCI) Sigma Aldrich 37%
4-tert-butylpyridine (TBP) Sigma Aldrich 96%
Lithium Sigma Aldrich NA

bis(trifluoromethane)sulfonimide

Acetonitrile DUKSAN 99.9%

Chorobenzene DUKSAN 99.8%

Molybdenum trioxide (MoO3) Sigma Aldrich 99.97%

Spiro-MeOTAD Luminescence Technology NA
Corp

Gold Kurt J. Lesker 99.99%

2.3 Fabrication of nanofibers

2.3.1 Preparation of graphene solution

Graphene can be obtained by using a demonstrated method [1] for shear exfoliation of
graphite, shear exfoliation can produce large quantities of defect-free, unoxidized
graphene. In our study, 5% PVP was dissolved in ethanol and was assisted by
ultrasonic stirring. 5 wt.% graphite powder was added to the solution and blended

with a Philips HR2096 blender at 21,000 rpm. The turbulence induced shearing
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causing the graphitic planes to slip relative to each other until full exfoliation was
achieved, resulting in free floating graphene. The graphene was subsequently bound
to the PVP in the solution, preventing re-aggregation of graphene into graphite. The
solution was typically blended for 20 min until a suspension of graphene and graphite
was formed. The suspension was subsequently centrifuged at 9993g (1g = 9.81 m/s?)
for 3—60 min for removal of denser residual and larger size graphene sheets to obtain
pure graphene suspension with smaller graphene sheets. Subsequently, the graphene
suspension was used for electrospinning. The flow chart for preparing graphene

suspension is shown in Figure 2.1.

—

Uncentrifuged
Graphene/Graphite
Suspension

Graphite Shear Exfoliation
+
pOWder Decanting

uonednjua)

——
Centrifuged
Graphene

Suspension

Figure 2.1. Flow chart for preparing graphene suspension.

2.3.2 Fabrication of graphene nanofibers

Electrospinning is a widely used and one of the simplest techniques to produce the
one-dimensional nanofibers with diameters in the range of several nanometers to the
micrometer regime. By wusing electrospinning technique, nanofibers can be

successfully produced from organic polymers, semiconductors and their composites.

The nozzle-less electrospinning device is applied to fabricate graphene nanofibers.

The schematic setup for nozzle-less electrospinning is shown in Figure 2.2a, b. The
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rotating electrode half submerged in a trough of feed solution, and the solution was
carried in form of a thin layer or film. The film is exposed to a high intense electric
field formed between the positive rotary electrode and the ground collector and
numerous unstable “Taylor cones’’ can be generated over the electrode surface. As the
jets carrying the fiber leaves the rotating electrode, the neighboring positive charges
deposited on the fiber repel against each other thereby stretching the thread further to
a thinner diameter fiber. This process continues until the nanofibers reach the ground
collector. The applied energy is 70 KV, the distance between the electrode and the
ground collector is adjusted to 19 cm and the electrode rotating speed set to 30 Hz.
Using the prepared graphene suspension for electrospinning. The resulting
electrospun fibers were treated for 2 h at 450 °C to obtain the pure graphene
nanofibers, in which the PVP has been burned off.
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Figure 2.2. Schematic setup for nozzle-less electrospinning setup.

2.3.3 Fabrication of TiO:2 nanofibers with embedded

graphene

In this part another technique needle electrospinning was used to fabricate the aligned

TiO2 nanofibers with embedded graphene (TG nanofibers). The schematic of the
electrospinning set-up is shown in Figure 2.3. The solution is loaded into a syringe

and fed through a flow meter pump. A high electric potential is applied to the solution,
at a threshold voltage 14 KV, the repulsive force generated in the electro-active
solution is greater than its surface tension and a Taylor cone is formed at tip of syringe.
Due to the electrostatic forces, this droplet is further elongated. As a result, the solvent
is evaporated, and the solidified nanofibers can be formed. The two discs served as
parallel electrodes and a bridging effect can be realized between the two discs spaced
only 7 cm apart. The orientation of the two parallel discs keep changing from
horizontal to vertical position, and from vertical back to horizontal position to

produce theoretically a rectangular shaped scaffold. In this case, a significant portion
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of nanofibers were collected across the small gap forming a structured
polygon-shaped scaffold layer with uniform, pores. The precursor solution for
electrospinning was prepared by mixing 4% titanium isopropoxide and 4% acetic acid
with a certain amount pure graphene suspension. The resulting electrospun nanofibers
on the FTO glass were treated for 2 h at 450 °C to obtain the TiO»/graphene

nanofibers scaffold.

Collect the

nanofibers

Precursor solution

-

Figure 2.3. Schematic representation of the synthesis of TG nanofibers technique

set-up.
2.4 Morphology and crystal structure characterization

2.4.1 Morphology characterization

The morphology of nanostructure was characterized by scanning electron microscopy
(SEM). SEM uses a focused beam of high-energy electrons to generate a variety of
signals at the surface of solid specimens. The signals that derive from electron-sample
interactions reveal information about the sample including external morphology
(texture), chemical composition, and crystalline structure and orientation of materials
making up the sample. The schematic diagram of the SEM working principle is

shown in Figure 2.4 [2].
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Figure 2.4. The schematic diagram of the SEM working principle [2].

A Field Emission Scanning Electron Microscope (FESEM) is microscope that works
with electrons (particles with a negative charge) instead of light. These electrons are
liberated by a field emission source. The object is scanned by electrons according to a

zig-zag pattern. Figure 2.5 shows a schematic diagram of FESEM [2].
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Figure 2.5. Schematic diagram of FESEM.

In this study, SEM and FESEM were performed using JEOL Model JSM-6490 and

Tescan MAIA, respectively.

2.4.2 Crystal structure characterization

XRD analysis is based on constructive interference of monochromatic X-rays and a
crystalline sample: The X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed toward the sample.
The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisty Bragg’s Law (nA=2d sin 0).
This law relates the wavelength of electromagnetic radiation to the diffraction angle

and the lattice spacing in a crystalline sample.

The characteristic x-ray diffraction pattern generated in a typical XRD analysis
provides a unique “fingerprint” of the crystals present in the sample. When properly
interpreted, by comparison with standard reference patterns and measurements, this

fingerprint allows identification of the crystalline form.
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The crystal forms of the Pbl, layers and perovskite layers under different conditions
were investigated by X-Ray diffraction (XRD). In this work, the XRD was performed
by Rigaku 9KW Smartlab using Cu ka (A=0.1540nm) radiation.

2.5 Spectroscopic Measurement

2.5.1 UV-visible absorption

Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement
attenuation of a beam of light after it passes through a sample or after reflection from
a sample surface. Absorption can be at a single wavelength or over an extended

spectral range.

In this work the absorption spectrum was measured by an Agilent Varian Cary

4000UV/VIS/NIR spectrophotometer.

2.5.2 Photoluminescence (PL) spectrum

Photoluminescence spectroscopy is a contactless, versatile, nondestructive, powerful
optical method of probing the electronic structure of materials. Light is directed onto a
sample, where it is absorbed and imparts excess energy into the material in a process
called photo—excitation. One way this excess energy can be dissipated by the sample
is through the emission of light, or luminescence. In the case of photo—excitation, this
luminescence is called photoluminescence. Thus, photoluminescence is the
spontaneous emission of light from a material under optical excitation. The intensity
and spectral content of this photoluminescence is a direct measure of various

important material properties.

Photo excitation causes electrons within the material to move into permissible excited
states. When these electrons return to their equilibrium states, the excess energy is
released and may include the emission of light (a radiative process) or may not (a

nonradiative process). The principle of PL is shown in Figure 2.6.
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Figure 2.6. Principle of PL.

In this study, the steady-state PL measurement was carried out by using FLS920
system with a computer controlled spectrofluorimeter in the UV—NIR spectral range
with single photon counting sensitivity. The PL was excited under 600 nm xenon lamp

and the samples were prepared on the quartz substrate.

2.5.3 Time-Resolved Photoluminescence (TRPL)

Spectroscopy

TRPL is an experimental technique that provides the spectral and temporal evolution
of the emission of a sample following its illumination by a short pulse of light. More
precisely, the short pulse of light generates electron-hole pairs that decay to lower
energy levels of the sample. These electron-hole pairs can subsequently recombine
and emit light. The emitted light is composed of a set of wavelengths corresponding
to transition energies of the sample and, as a result, the measurement of the optical
spectrum as a function of time provides a means to measure the transition energies

and their lifetimes. Most experiments excite the sample with a pulsed laser source and
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detect the PL with a photodiode, streak camera, or photomultiplier tube (PMT) set up

for up-conversion or single-photon counting.

In this work, TRPL decay profile were obtained using an Edinburgh time-correlated
single-photon-counting system. The TRPL signal in photoexcited state was measured

by using a 337-nm laser. The samples were prepared on quartz substrate.

2.5.4 Raman spectrum

Raman spectroscopy is a scattering technique. In Raman spectroscopy, sample is
illuminated with a monochromatic laser beam which interacts with the molecules of
sample and originates a scattered light. The scattered light having a frequency
different from that of incident light (inelastic scattering) is used to construct a Raman
spectrum. Raman spectra arise due to inelastic collision between incident
monochromatic radiation and molecules of sample. When a monochromatic radiation
strikes at sample, it scatters in all directions after its interaction with sample
molecules. Much of this scattered radiation has a frequency which is equal to
frequency of incident radiation and constitutes Rayleigh scattering. Only a small
fraction of scattered radiation has a frequency different from frequency of incident
radiation and constitutes Raman scattering. When the frequency of incident radiation
is higher than frequency of scattered radiation, Stokes lines appear in Raman
spectrum. But when the frequency of incident radiation is lower than frequency of
scattered radiation, anti-Stokes lines appear in Raman spectrum. Scattered radiation is

usually measured at right angle to incident radiation [3].

In this study, LabRAM HR 800 Raman Spectrometer was used to analyze the pure

graphene nanofibers and TG nanofibers.

2.6 Thermal behavior

Thermal gravimetric analysis (TGA) is a method of thermal analysis in which changes

in physical and chemical properties of materials are measured as a function of
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increasing temperature (with constant heating rate), or as a function of time (with

constant temperature and/or constant mass loss).

Changes in the mass of a sample due to various thermal events (desorption, absorption,
sublimation, vaporization, oxidation, reduction and decomposition) are studied while
the sample is subjected to a program of change in temperature. Therefore, it is used in
the analysis of volatile products, gaseous products lost during the reaction in

thermoplastics, thermosets, elastomers, composites, films, fibers, coatings, paints, etc.

The thermal decomposition behavior of TG nanofibers in this work was examined
using a thermo gravimetric analyzer and differential scanning calorimeter (TGA-DSC)
(Mettler Toledo) under ambient pressure in the temperature range between 30 and

1000 °C at a controlled heating rate of 20 °C min™'.

2.7 Photovoltaic characterization and analysis

2.7.1 The solar radiation and air mass

Solar radiation closely matches a black body radiator at about 5,250 °C. As it passes
through the atmosphere, sunlight is attenuated by scattering and absorption; the more
atmosphere through which it passes, the greater the attenuation. The attenuation is
described by the “Air Mass” factor since the absorption increases with the mass of air
through which the radiation passes. /y is the thickness of the atmosphere, the path
length / through the atmosphere for radiation at an incident angle o relative to the

normal to the earth’s surface is described by

— 2.1)

cosa

The ratio of 1/10 is the Air Mass factor. The spectrums outside the atmosphere and on
the surface of the earth for perpendicular are expressed as AMO and AM1,
respectively. AM1.5 is the standard spectrum for moderate weather which means a

solar incident angle of 48° corresponds to the surface normal and gives an average
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irradiance of 1,000 W m-2. Figure 2.7 shows the comparison for the spectrum of
5,250 °C blackbody spectrum, sunlight at top of the atmosphere (AMO) and radiation
at sea level (AML1.5).
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Figure 2.7. Comparison for the spectrum of 5,250 °C blackbody spectrum, sunlight at

top of the atmosphere and radiation at sea level [4].

2.7.2 Photovoltaic Current-Voltage Characterization

Standard current-voltage (I-V) measurement determines the current voltage response
of the device for the PSC. In the dark condition, under applied voltage, a current flow
in the opposite direction to that of the photocurrent can be generated in the device.
This reverse current is regarded as the dark current. For an ideal diode, the dark

current, lqark, can be expressed by Eq. 2.2.

qv/
lagri = Is (e KT — 1) (2.2)

Where I is the saturation current of the diode (typically 107-10 A), V is the voltage

applied on the terminals of the device and q is the electronic charge.
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Under illumination condition, the I-V characteristics can be shown as following:
qv / %4 /
I'=Ipn = laare = Ln— Is (e /KsT = 1) = Ly = Is(e Vr = 1) (23)

Where I,n is the photocurrent which depends on the light intensity and Vr is referred
to as the thermal voltage that equals kgT/q. For non-ideal devices, the weak

dependence of dark current on voltage can be modified by an ideality factor m.

v/
I = Ly~ I(e /m'r — 1) (2.4)

The typical I-V curve is shown in Figure. 2.8.

Open circuit voltage Vo

Current (mA)

Afoltage (V) Maximum power point
Fill factor FF=I,V\y/lscVoc

sunlight

4 | ‘
| Short circuit current I

Figure 2.8. Typical I-V curve.

In this study, photocurrent—voltage measurements were measured using a Keithley
2400 digital source meter with a scan rate of 0.22 V-s™! under illumination of
AM1.5G 100 mW-cm 2 from a solar simulator ABET SUN 2000. The comparison
between the solar simulator (ABET SUN 2000) spectrum and the standard AM1.5G is

shown in Figure 2.9.
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Figure 2.9. Comparison of the solar simulator (ABET SUN 2000) spectrum and the
standard AM1.5G.

2.7.2.1 Short-circuit current (Is)

Isc 1s measured when the applied voltage equals zero.
Iye = Ipp (2.5)

Eq. 2.5 reveals that Isc depends on the photocurrent and the light intensity.

2.7.2.2 Open-circuit voltage (Vo)

Voc 1s measured under the open circuit condition, there is no external current flow
between the two terminals of the device. Voc depends on the temperature and light

intensity.
2.7.2.3 Fill Factor (FF)

The power can be expressed by the area of the rectangle with width V and height I in

Figure 2.8. Along the I-V curve in Figure 2.8, the maximum area can be determined
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corresponding to the maximum power point. At this point, the device generates the

highest power output with the voltage (Vi) and current (Im). FF is defined as the ratio

FF = Znim (2.6)

VOCISC
2.7.2.4 Power conversion efficiency (PCE)

PCE of the device is one of the most important parameters to represent the
performance of the device. It is defined as the ratio of the maximum power output

(Pmax) to the power of the incident sunlight (Pin).

PCE = Vinlm __ VoclscFF

in Pin

2.7)

2.7.3 External Quantum Efficiency (EQE)

EQE is the ratio of the number of charge carriers collected by the solar cell to the

number of photons of a given energy irradiated on the solar cell (incident photons).

electrons

EQE = (2.8)

photons

EQE depends on both the absorption of photons and collection of charge carriers, it

can be used to characterize the charge collection efficiency of photovoltaic devices.

In this work, EQE was tested with an EQE system equipped with a xenon lamp
(Oriel66902, 300W), a monochromator (Newport66902), a Si detector (Oriel
76175 71580), and a dual-channel power meter (Newport2931 C).

2.7.4 Intensity-modulated photocurrent spectroscopies

(IMPS)

IMPS is determined in the frequency domain by means of a light source, which is
modulated in intensity over a broad frequency range. It measures the modulated

photocurrent response to the modulation of illumination light intensity at short-circuit
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condition. The principle is shown in Figure 2.10. Modulation of the light P as force,
illuminating an electrochemical cell C. The quotient of one electric magnitude
(current potentiostatic, or voltage galvanostatic or at OCP) with the dynamic light

intensity P* leads to the IMPS spectrum H*.

The remaining magnitudes (for instance voltage or current) has to be kept, until the

transfer function record is completed. After that, they may be swept.

IMPS

I+ 2
H (o) = P*, [Hip] = 1 A‘Jﬂq
U* V.m2

Hyp(0) = pv, [Hue] = =30

Figure 2.10. Principle of IMPS.

In this study, IMPS was carried out using Zahner CIMPS photo-electrochemical
workstation. The illumination for the frequency response techniques was provided by
a white light LED over a wide range of dc light intensities. The amplitude of the

sinusoidal modulation for IMPS measurements was checked to obtain a linear

response.
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Chapter 3

Conditioning lead iodide with DMSO and
HCl1 to control crystal growth improving

performance of perovskite solar cell

3.1 Introduction

Improving film surface coverage and grain size is an efficient and cost-effective way
to improve the performance of the planar structured perovskite solar cell. Employing
additives, such as HCIl or HI acid [1-3] and Dimethyl Sulfoxide (DMSO) or
N-methyl-2-pyrrolidone (NMP) [4-10], have been used to retard perovskite
crystallization and improve surface coverage. Yang et al. applied direct intramolecular
exchange of DMSO molecules intercalated in Pbl; with Formamidinium lodide (FAI)
to improve the FAPbI; crystallization, the PCE of the solar cell is over 20% [4]. Yang
et al. incorporated HCI into Pbl, precursor solution and the solar cell exhibited cell
efficiency around 15.2% [1]. Jeon et al. used a one-step method to deposit the
MAPDB(I:«Bry); perovskite layer by using gamma-butyrolactone (GBL) and DMSO as
effective solvents which enabled a perovskite solar cell with a power conversion
efficiency of 16.2% [8]. Despite of these efforts, the MAPbDI3 crystallization by the
direct intra-molecular exchange of DMSO molecules intercalated in Pbl, with MAI to
achieve larger crystals, in combination with using hydrochloric acid to slow-down
crystal growth to yield more uniform crystals have not yet been investigated. Some
interesting unanswered questions remain. First, would the use of both HCl and DMSO
directly impact negatively on the formation of the perovskite layer? Second, when
both additives are indeed working synergistically, what are the tangible benefits in
terms of characteristics (including morphology) and device performance? Third, does

the chloride addition improve the stability of the device against moisture and strong
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solar irradiation? This chapter will address these three aspects.

In this chapter, a systematic investigation on the effect of individual DMSO addition,
and combined HCl and DMSO addition on perovskite morphology and device
performance of the solar cell has been carried out. A novel simple two-step method of
incorporating HCI into Pbl2(DMSO)x precursor solution with capacities for molecular
exchange with MAI during the spinning process is used, with objective of improving
crystal size, crystallinity, and uniform coverage of the perovskite thin film on the
dense TiO> layer. This also prevents the negative effects on direct chemical reaction
between Cl and DMSO. Using this approach highly efficient MAPbI3 based PSCs
have been fabricated with PCEs reaching 17.8% under AM1.5G standard solar
simulation with excellent device stability under room temperature. Here, the stability
of the devices has also been investigated. We find that the addition of HCI in the
Pbl2(DMSO)x precursor solution to form the perovskite layer can also improve the

stability of the devices.

3.2 Experimental Details

3.2.1 Preparation of the substrate and compact layer

Patterned FTO on glass substrates were cleaned sequentially by ultra-sonication in
soap water, deionized water, acetone and isopropanol, and subsequently exposed to
UV-ozone for 15 min prior to the spin-coating step. A compact TiO2 layer was
spin-coated on the substrates by using a 0.15 M titanium iso-propoxide (TIP) ethanol
solution at a speed of 3000 rpm for 30 s. The samples were subsequently calcinated at
450 °C for 2 h. Subsequently, the samples were immersed in 60 mM of TiCl4 solution
for 30 min at 70 °C.

3.2.2 Synthesis of PbI:(DMSO)x complex

To synthesize the Pbl>-(DMSO)x complex, first 0.5 M Pbl, was dissolved in 15 mL
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DMSO at 60 ‘C and subsequently 35 mL toluene was slowly added into the Pbl>
solution. Subsequently, the produced white precipitation was filtered and dried for 1 h
at room temperature. The Pbl(DMSO)x complex was obtained by annealing for at

least 24 h in vacuum oven at 60 °C.

3.2.3 The fabrication of perovskite layer, hole transport layer

and electrodes

1.2 M Pbl2(DMSO)x complex was introduced to DMF solution with 2.5 vol% HCI
additive. The resultant solution was deposited on the TiO: dense layer coated
substrate at 3000 rpm for 30 s. Subsequently, 400mM CH3NH;sI in isopropanol was
spin-coated at 5000 rpm for 30 s. Next, a rinsing step with 2-propanol was carried out
to remove the excess organic fraction. Finally, the resulting sample was annealed at
150 °C for 20 min. In a control experiment or comparison, 1.2 M Pbl>(DMSO)x
complex was introduced to DMF solution without HCI additive and subsequently
deposited on the TiOz dense layer. The remaining procedures were similar as with the

one with HCI additive.

A precursor solution was prepared by dissolving 79 mg of spiro-MeOTAD, 28.8 uL of
4-tert-butylpyridine, 175 wuL of 520 mg + mL! lithium
bis(trifluoromethylsulfonyl)imide in acetonitrile in 0.99 mL of chorobenzene. The
solution was spin-coated at 4000 rpm for 30 s on the perovskite layer to form a hole
transport layer (HTL). Finally, the electrodes (MoO3 (15 nm)/Al (120 nm)) were
deposited by thermal evaporation through a shadow mask with effective area

approximately 0.1 cm?. The final device structure is depicted in Figure 3.1.
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TiO2 dense layer

Figure 3.1. Device configuration.

3.3 Results and Discussion

3.3.1 Investigation of the morphology and crystal structure

of perovskite layer

Figure 3.2 shows the SEM images of the perovskite layer formed by different
methods. The morphology of the perovskite layers formed by using both DMSO and
HCI and using only DMSO is shown in Figure 3.2(a) and (b), respectively. Comparing
the two images we can see that using both DMSO and HCI can help to form more
uniform and larger crystals with less interfaces and boundaries. During the conversion
from Pbl,.-DMSO-MAI to MAPbI3z, the DMSO molecules intercalated in Pbl> can be
easily replaced with MAI, leaving a homogeneous, flat layer with large sized
perovskite crystals of over one micron. The role of DMSO in the MAI-Pbl,-DMSO
phase is to retard the rapid reaction between Pbl, and MAI during the evaporation of
solvent in the spin-coating process to allow formation of larger crystals with less
interfaces and boundaries [4]. Additionally, by using the HCI additive, the crystal
growth rate can be further slowed down to achieve more uniform crystals. Meanwhile,
after adding HCI into the precursor solution, the ratio of DMSO may be reduced, as
excess DMSO may give rise to an inhomogeneous film with pinholes [11]. The CI’
icons can be immediately removed from the HCI-Pblo(DMSO)y film and the precursor
film is then converted into MAPDbI; perovskite and Pbl> [12], as such, the CI
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composition cannot be detected by EDS. This is ideal for providing homogeneous
coverage on the dense layer without pinholes that provides short-circuiting and
recombination sites. With application of DMSO, it can be noted that after adding HCI
to the PbIo(DMSO)x and MALI, the perovskite film in the present approach as shown in
Figure 3.2(a) does not have any pinholes while in the conventional approach, Figure
3.2(b), the film has many pinholes. On the other hand, it can also be seen from Figure
3.2(b) that due to the application of DMSO, the crystal size increased dramatically as
compared with Figure 3.2(c) which is the perovskite film generated by Pbl, solution
with HCI additive reacted with MALI.

Tum «

F  20kves X10,000% @pm * 10 30 SEI

Figure 3.2. (a) perovskite layer formed by PbI2(DMSO)x solution with HCI additive
and MALI; (b) perovskite layer formed by PbI2(DMSO)x solution and MAI; (¢)
perovskite layer formed by PbI2 solution with HCI additive and MAL

In fact, PbI2(DMSO)x in DMF solution with HCI additive can effectively retard the
crystallization rate which facilitates enhanced homogeneous nucleation and uniform

crystal growth of the Pbl; thin film. The little amount of Cl in precursor solution can
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further enhance crystallinity of the resulting perovskite films with preferred {110}
orientation, despite the amount of Cl is negligible.!* The XRD patterns of
PbIo(DMSO)x thin film with and without HCI additives, and Pbl thin film with and
without HCI additives are shown in Figure 3.3(a), respectively. The XRD patterns are
exactly consistent with Pbl> peaks at 12.6°, and by using DMSO, the Pblo(DMSO)
complex peak can be observed in Fig. 3a at around 9.7° and 25.7°. The use of DMSO
caused the intensities of Pbl, diffraction peaks to be quenched. Through the XRD
pattern of Pblo(DMSO)x with HCl, it can be noted that the area of Pbl, peak (139792)
is higher when compared with that of Pbl(DMSO)x (95685), this may be due to the
decrease of DMSO ratio in the precursor solution, but from Figure 3.2(a)-(b) it can be
assured that this ratio is the best for the morphology of the perovskite layer. Figure
3.3(b) compares the solution-processed perovskite thin films, including (i) pristine
perovskite (base case), (ii) the perovskite with HCI added, (iii) the perovskite formed
by Pblo(DMSO)x and MAI, and (iv) our presently investigated configuration — the
perovskite formed by Pblo(DMSO)x with HCI and MAIL. The areas of the main peak
(110) of CH3NH;Pbl; in Figure 3.3(b) (i)-(iv) are 7438, 8846, 14909 and 18065
respectively, there is a remarkable increase after introducing HCI into the
Pbl,(DMSO)x solution. Therefore, the use of HCI certainly improves the crystallinity
of the perovskite layer. Table 3.1(a) shows the full width at half maximum (FWHM)
of the (110) peak corresponding to the different perovskite layers. It can be seen that
the perovskite layer formed by Pbl(DMSO)x with HCl and MAI has the smallest
FWHM(0.09°), which further confirms the results of Figure 3.3(b) that the perovskite

layer has the largest grain size.
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Figure 3.3. (a) XRD patterns of Pbl thin film, Pbl> with HCI thin film, PbIo(DMSO)x
thin film and Pblo(DMSO)x with HCI thin film on the TiO; dense layer coated on FTO
glass; (b) XRD patterns of pristine perovskite, the perovskite with HCI added, the
perovskite formed by Pblo(DMSO)x and MAI, and the perovskite formed by
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PbL(DMSO), with HCI and MAL

Table 3.1(a). The full width at half maximum of (110) peak of the perovskite layer

Pb,*MAI Pbl,+HCl PbIA(DMSO),  Pbly(DMSO),
+MAI +MAI +HCIH+MALI

FWHM 0.174° 0.142° 0.131° 0.124°

Table 3.1(b). The full width at half maximum of (001) peak of the Pbl, layer

Pbl, Pbl,+HCI  Pbl(DMSO)x Pbl>,(DMSO)x
+HCI

FWHM 0.312° 0.579° 0.288° 0.292°

3.3.2 Photovoltaic performance

The best performance on current density—voltage (i.e. J=V curves) characteristics of
the aforementioned devices is shown in Figure 3.4(a). As can be seen, the J-V curve is
highest for the device with adding both DMSO and HCI, followed by adding only
DMSO, and lastly adding only HCI. The HCI perovskite cell provides higher Vo and
Jsc while the DMSO perovskite cell provides higher fill factor (FF). The combination
as demonstrated in this study provides synergistic advantages in all three parameters -
Voe, Jsc and FF. To quantify the performance, the best and average performance
parameters are listed in Table 3.2(a) and 3.2(b), respectively. The device prepared
using both DMSO and HCI had the maximum efficiency of 17.8%, exhibiting Jsc of
23.24 mA-cm 2, Vo of 1.05V, and FF of 73%. Interestingly, Jeon et al. [8] used GBL,
DMSO and N-methyl-2-pyrrolidone as effective solvents to deposit the
MAPD(I1-«xBrx)s perovskite layer; the resultant device has achieved PCE of 16.2%.
This result is indeed comparable to ours in using only DMSO to fabricate the
perovskite solar cells for which the best performance of our device is 16.1%, see
Table 3.2(a). This provides a good benchmark of our results with those in the
literature. Further, two interesting conclusions can be drawn from the present study.
For the device with DMSO, the additional treatment of using HCI provides a 10%-11%
improvement in the PCE for either the best performance (Table 3.2(a)) as well as the

average performance (Table 3.2(b)) when compared to the case without. Compared
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with the device with only HCI treatment, the use of DMSO and HCI in the device
improved 17% for the best performance (Table 3.2(a)). The improved thin-film quality
by using both DMSO and HCI generated a significant synergistic enhancement in
performance, facilitating larger crystals, superior crystal quality (crystallinity), and
uniform coverage on the TiO> dense layer. The Js obtained by EQE has been shown
in Table 3.2(a). It can be seen that the Jsc acquired by the density—voltage (i.e. -V
curves) characteristics is different from that obtained by EQE test. This is mainly due
to the error in the calibration of the equipment for the EQE test. The effect of different
concentration HCI also has been studied. From Figure 3.4(b) we can see that 2.5 vol%
HCl is best condition. If the concentration is too high this may cause inhomogeneous
nucleation which do not benefit the performance of the devices. Under this optimal
condition, energy harvesting is maximized while short-circuiting is minimized. Fig.
3.5 (a), (b) show the J-V curves in reverse and forward sweeps for the perovskite
layers with and without TG nanofibers, respectively. It can be seen that the use of TG
nanofibers scaffold for the device further facilitates reduction in the hysteresis, which

is advantageous.
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Figure 3.4. (a) J-V curves measured under 100 mW-cm 2 AM1.5G illumination. (b)
J-V curves of the devices fabricated by using different concentration of HCI.

Table 3.2(a). Best performance of the Perovskite Solar Cells under AM 1.5 G

illumination
Jsc/mAscm™
Vo'V Jse/mAscm?  FF/% PCE/% | Obtained by
EQE
Pbly(DMSO)x +HCl
1.05 23.24 73 17.8 20.23
+MAI
Pbl,(DMSO)x +MAI 1.03 21.50 73 16.1 19.09
Pbl,+HC1 +MAI 1.05 22.71 64 15.2 17.78
Table 3.2(b). Average performance of the Perovskite Solar Cells
Voo/V Ji/mAscm?  FF/%  PCE/%
MAI+Pbl(DMSO)x+HCl 1.05+/-0.2  22.8+/-04  70+/-1 16.6+/-0.4
MAI+ Pbl2(DMSO)x 1.02+/-0.2  22.4+/-0.7 66+/-3 15.1+/-0.4
MAI+Pbl,+HCI 1.02+/-0.2  21.5+/-0.6  58+/-2  14+/-0.8
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Figure 3.5. J-V curves in reverse and forward sweep. (a) perovskite layer formed by

Pbl2(DMSO)x solution with HCI additive and MALI; (b) perovskite layer formed by
Pbl2(DMSO)x and MAL.

Figure 3.6 shows the external quantum efficiency (EQE) of the three different types of
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solar cells. It can be seen that the use of DMSO and HCI further improve the
performance of EQE especially at wavelengths less than 750nm. This is consistent
with the increased absorbance as shown in Figure 3.7 in that improved crystallinity

from slow crystallization using HCI can better harvest light in both visible and UV

light ranges.
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Figure 3.6. External quantum efficiency.
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Figure 3.7. UV—vis Absorbance Spectra

The charge transport time in the solar cells was investigated by IMPS. Figure 3.8
shows the typical Nyquist plots of IMPS response curves for the solar cells with the
perovskite layers formed by Pblo(DMSO)x + HCI + MAI and Pbl:(DMSO)x + MALI,
respectively. The charge transport time can be estimated from the expression: D =
1/2nfmin vps (Peter et al., 2000), where fmin ivps 1s the characteristic frequency at the
minimum of the IMPS imaginary component curve. For the device with DMSO, a
relatively faster charge transport time can be realized for the device that has the HCI
additive. Due to the film thickness of the two types of devices being comparable, the
faster charge transport time infers that the device should have a higher electron
diffusion coefficient (determined to be 14% higher) as compared to the one without
acid treatment (under 1000 Wm™ light intensity), this can be revealed in Table 3.3. As
a result, the addition of HCI in the device with DMSO with more uniform crystals
further improves the charge transport property in the device. This is also supported by
the higher average Js. as shown in Table 3.2 (a), (b), and the reduced recombination

(measured by higher FF) as shown in Figure 3.4.
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Figure 3.8. Typical IMPS response of different types of perovskite solar cell.

Table 3.3. The electron transport time with respect to the PCE of the devices

charge transport 0

time (L&) PCE (%)
Pbl2(DMSO)x+HCI+MAI 1.01 17.8
Pblo(DMSO)x +MAI 1.17 16.1

3.3.3 Stability test

The introducing of HCI can help to improve the stability of CH;NH3Pbls, this may be
due to the larger electron negativity of chloride as compared to that of iodide, it
strengthens the metal-halogen bond and keeps the material more stable [13,14]. The
devices with encapsulation were tested in different humidity (55 RH% and 85 RH%).
The time for the stability test is not irradiation time in the entire period but at three
different times, initially, in middle and final time. So the time scale refers to the
storage time and not irradiation time. For the first condition, under the relative

humidity of 85 RH% and room temperature, the performance of the device, fabricated
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by using Pblo(DMSO)x with HCl and MAI, decreases by 11% after 150 h and by 23%
after 300 h. Whereas, the PbIo(DMSO)x device without HCI added decreases by 20%
and 49%, respectively, for the same period. For the second condition, under the
intensity of white LED light similar as the intensity of sunlight at noon at 50 °C, the
device for PbIo(DMSO)x with HCI additive, decreases by 11% after 24 h and by 19%
after 48 h, while the Pblo(DMSO)x without HCI device decreases by 16% and 30%,
respectively, for the same period. The trend of the performance changed with the time
at 85%RH and under white LED light at 50 °C can be seen in Figure 3.9 (a) and (b),
respectively. From the insert pictures in Figure 3.9 (a) and (b) we can see that the
device for PbIo(DMSO)x with HCI additive has a lower slope during the entire period
of the stability testing as compared to the case of Pblo(DMSO)x without HCI in both
conditions. From discussion we can see that the devices with HCI have better stability
under high humidity, strong solar irradiation, and elevated temperature. Table 3.4

shows the changes of the PCE in the stability test.
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Figure 3.9. Stability on performance of the devices (a) under 85% humidity and at
room temperature and (b) under white LED light and at 50 °C (The insert pictures in

(a) and (b) are the comparison of the slops for with HCI (black line) and without HCl

(red line), respectively).

Table 3.4. The degrade of the PCE for the devices in the stability test

Condition Device Time Degraded of

the PCE in

percentage

Stability test under Pblx(DMSO)x+HCI+MAI 300 h 23%

85% humidity and at

Pbl2(DMSO)x+MAI 49%
room temperature
Stability test under Pblx(DMSO)x+HCI+MAI 48 h 19%
hite LED light and
whtte B A b L(DMSO)+MAL 30%

at 50°C
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3.4 Conclusions

An efficient, low-cost method to fabricate a uniform and dense perovskite layer with
large crystal size has been demonstrated in this investigation by applying DMSO via
an intercalation process to increase the crystal size and introducing HCI as an additive
to slow-down the crystal growth rate to get more uniform crystals. Concurrently, the
crystallinity of the perovskite layer and the charge transport property of the device can
be also enhanced. A high efficiency of 17.8% has been achieved by the device with
both the DMSO and HCI synergistic treatment. Furthermore, 11% and 17%
improvements have been realized with combined DMSO and HCI treatments when
compared with the devices with application of only DMSO and only HCI, respectively.
Also, the stability of the device from high humidity, high solar irradiation, and high
temperature due to HCI treatment has been improved compared with just DMSO

treatment.
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Chapter 4

Introduction of Graphene Nanofibers into

the Perovskite Layer of Perovskite Solar

Cells

4.1 Introduction

Recently, the application of graphene-derived nanomaterials in PSCs has been studied.
In a typical perovskite solar cell, the perovskite layer is usually sandwiched between
the electron- and hole-transporting layers (ETLs and HTLs) [1-8]. Both the electronic
structures of the various interfaces and the morphology in PSCs can affect the charge
carrier transport properties [9-13]. Reduced graphene oxide (RGO) [14-20], graphene
quantum dots (GQDs) [21, 22], or fullerene [18], have been used as an interlayer
between the ETL/HTL and the perovskite layer, or being incorporated within the
ETL/HTL scaffold to improve the charge-transport efficiency for mesoporous PSCs.
In another case, the graphene-derived nanomaterials have been used as top electrode
for the PSC to provide efficient charge transfer [23, 24]. Despite these, it is still
unclear as to the role of where and how such carbon materials should be introduced
into the perovskite film to harness additional benefits. Hadadian et al. dispersed
N-doped RGO (N-RGO) into the Pb-based perovskite precursor solution composed of
mixed cations [formamidinium (FA), methylammonium (MA)] and halides (I, Br)
[25]. They found that the basic (pH>7) sites on N-RGO can provide a different
environment surrounding the FA hydrogen atoms, thereby slowing down the
crystallization. This leads to larger grains in the perovskite layer and reduction in the
charge carrier recombination rate. He et al. used an in-situ solution method for
chemical decoration of CH3NH3Pblz (MAI) perovskites with reduced graphene oxides

(rGOs) to improve photodetector performance [26].
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RGO is known to have lower conductivity and more defects than pristine graphene.
CNT also has been used in some researches, but its conductivity, length will get
truncated during calcination, so this is not suitable for our research. In addition,
although graphene-derived nanosheets and nanoparticles have been widely used in the
aforementioned studies, there has been very limited studies on other forms of carbon
morphology that might provide positive benefits in terms of device performance for
PSCs and the effects of such materials on the performance of the device. These are

some of the important issues that are addressed herein.

In this chapter, pristine graphene nanofibers were incorporated into the MALI
perovskite layer of planar structure PSCs, which gives rise to two major benefits. First,
inducing rapid nucleation is a promising way to obtain perovskite films of high
optoelectronic quality [27-31]. Hence, the presence of graphene nanofibers in the
perovskite layer is expected to increase the nucleation rate by triggering
heterogeneous nucleation over the perovskite precursor film. The 1D graphene
nanofibers provide sites for nucleation of perovskite crystals wrapping around the
periphery of the graphene nanofibers to forming a multilayer tubular structure. These
structures interact with each other and provide a 2D mat for further perovskite
crystallization, resulting in large perovskite crystals growing laterally across the dense
layer. As a result, there are fewer grain boundaries that provide sites for electron--hole
recombination. This helps to improve the FF and Js.. Second, the voltage and current
can be further increased by the introduced graphene nanofibers in the perovskite layer
to improve the charge carrier transport properties. With this approach, the resulting
device exhibits the best PCE of 19.83% under AM 1.5G standard solar simulation as
compared a PCE of 17.51% for the reference cell. The performance of the PSC device
is thus improved by 13%.
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4.2 Experimental Details

4.2.1 Synthesis of graphene nanofibers

Using the methods which are shown in Chapter 2 to prepare the graphene precursor

solution and fabricate the graphene nanofibers.

4.2.2 Preparation of CH3;NHsl Solution with graphene

nanofibers

0.23 mg * mL"! graphene nanofibers prepared with different centrifugation times were
added into 400 mM CH3NH3sI in isopropanol (Figure 4.1 (a)-(b)). Then, the solution
under different conditions was sonicated until the graphene nanofibers were fully

dispersed in the solution.

Figure 4.1. (a) Pristine MAI solution. (b) MAI with graphene nanofibers solution with

slight tint of grey color.

The methods of preparation of substrate and ETL, synthesis of Pblx(DMSO)x
Complex, fabrication of perovskite layer and HTL preparation are same as that in

Chapter 3. In this study, gold was used for the thermal evaporation.

74



4.3 Results and Discussion

4.3.1 Morphology and crystallization of perovskite layer

Figure 4.2 (a) and (b) show the SEM images of perovskite layers without graphene
nanofibers before annealing and Figure 4.2 (¢) and (d) show the SEM images of
perovskite layers with graphene nanofibers before annealing (centrifugation time of
the graphene solution is 20 min). We can distinctly see the differences of the
morphology for the perovskite layer without and with added graphene nanofibers.
From Figure 4.2 (c), it can be observed that the spicules in the perovskite layer are the
graphene nanofibers with perovskite crystals nucleating partially on the periphery
along the length of the graphene nanofibers. In contrast, Figure 4.2 (a) and (b), which
show samples without graphene nanofibers (also before annealing), do not show such
spicule structures. Figure 4.2 (d) shows a close-up view revealing the details of a
spicule from Figure 4.2 (c). Deposited on the spicule are different phases of crystals.
Figure 4.2 (d) reveals that, in the early period prior to annealing, nucleation took place
with annular layers of as-formed small perovskite crystals wrapping around the
periphery of the graphene nanofibers, and large perovskite crystals formed on the
surface of the nanofibers. This resulted in a multilayer tubular bundle, which is much
larger in diameter than the original graphene nanofiber (ca. 150 nm). The crystals in
the annular one-dimensional bundle (darker color) are indeed very large. This may be
due to the presence of graphene nanofibers in the “core” of the bundle, which initiate
rapid nucleation resulting in large crystals deposited on the graphene nanofiber
surface. These large crystals in turn serve as secondary nucleation [32] sites for the

surrounding smaller crystals to reform into larger crystals.

Figure 4.3 is a schematic representation of the role of graphene nanofibers in the
crystallization process. Smaller perovskite crystals are formed around and on the
surface of the graphene nanofibers (Figure 4.3 (a)). These crystals start out as small

crystals and subsequently reform into larger crystals. These large crystals form a
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bundle around the core with graphene nanofibers and they in turn serve as secondary
nucleation sites for reformation of small crystals to larger size (Figure 4.3 (b)). Unlike
the sample shown in Figure 4.2 (b), which contains many pinholes that lead to
electron—hole recombination, the layer with graphene nanofibers shown in Figure 4.2

(d) does not have pinholes.

Figure 4.2 (e) and (f) show SEM images of perovskite layers without and with
graphene nanofibers after annealing. From these images, by adding graphene
nanofibers into the perovskite, the grain size is increased dramatically when compared
to the case without graphene nanofibers. These larger crystals are ideal for providing
homogeneous coverage of the perovskite layer on the dense layer eliminating the
pinholes that lead to short-circuiting and recombination sites. Moreover, the graphene
nanofibers provide the means of growing larger crystals in the lateral two-dimensional

plane parallel to that of the substrate.
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Figure 4.2. (a)-(b) Pristine perovskite layer before annealing. (c)-(d) Perovskite with
graphene nanofibers before annealing. (e) Pristine perovskite layer after annealing. (f)

Perovskite layer with graphene nanofibers after annealing.
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Graphene nanofiber Perovskite crystal

Figure 4.3. Schematic for role of graphene nanofibers in the crystallization of the

perovskite.

The cross-section of the perovskite layers without and with graphene nanofibers are
shown in Figure 4.4. The thicknesses of the perovskite layers with and without

graphene nanofibers are comparable.

. el : E |
SEM HV: 5.0 KV WD: 2.82 mm | [y MAIA3 TESCAN]  SEM HV: 5.0 kv MAIA3 TESCAN
SEM MAG: 70.0 kx Det: In-Beam SE 1pm SEM MAG: 70.0 kx | View field: 3.95 yum 1 um

Figure 4.4. (a) cross-section of the pristine perovskite. (b) cross-section of perovskite
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with graphene nanofibers.

Figure 4.5 shows the morphology of the graphene nanofibers that are added into the
perovskite layer, under different centrifuge time (3 min, 20 min and 60 min). Figure
4.6 shows the SEM images of perovskite layers with graphene nanofibers with
different centrifugation time (centrifugation times of 3 min and 60 min, respectively).
The best condition is the 20 min centrifugation time, the average diameter of the
nanofibers is about 150 nm. From Figure 4.5 and 4.6 we can see that when the
centrifugation time of the graphene suspension is too short (e.g. 3 min), much of the
graphene sheet remains in the supernatant. When the latter is being electrospun to
produce nanofibers, the fibers have flakes. These graphite flakes among the
nanofibers lead to high electron-hole recombination. In contrast, when the
centrifugation time is too long (e.g. 60 min), many large graphene sheets are
centrifuged out of the suspension into the residue and only a few small graphene
sheets are left behind in the supernatant, leading to short graphene nanofibers that
might not be beneficial for enlarging perovskite grain size and improving the

electrical conductivity of the PSC device.

20kV  X20,000 1pm 10 30 SEI
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Figure 4.5. SEM images of (a) graphene nanofibers centrifuged 3 min showing
graphite flakes; (b) graphene nanofibers centrifuged 20 min (best condition); (c)

graphene nanofibers centrifuged 60 min.

20k\,, X20,000  1pm 09 30 SEI 20kV  X20,000 1pm 09 30 SEI

Figure 4.6. SEM images of (a) perovskite layer with graphene nanofibers (centrifuge

time 3 min) (b) perovskite layer with graphene nanofibers (centrifuge time 60 min).

The XRD patterns of the perovskite layer with and without graphene nanofibers are
shown in Figure 4.7. The crystal structure of the perovskite phase is unchanged with
and without graphene nanofibers in the perovskite layers. Comparing the areas of the
main peak (110) of CH3NH;3Pblz in both cases, the area for the perovskite with
graphene nanofibers is 11% larger than that for the pristine perovskite (no graphene
nanofibers). This implies that the introduction of graphene nanofibers in the

perovskite further improves the crystallinity with the larger crystals.
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Figure 4.7. XRD patterns of perovskite layers with and without graphene nanofibers.

To further investigate whether the graphene nanofibers are indeed in the perovskite
layer, Raman spectroscopy was carried out (Figure 4.8 (a)). The spectrum for
CH3NH;3Pbl; with graphene nanofibers includes two bands at 1350 and 1566 cm’
(Figure 4.8 (a), inset), corresponding to the D and G bands of graphene, respectively.
This indeed confirms the presence of graphene nanofibers in the perovskite layer. The
Raman spectrum of graphene nanofibers with 20 min centrifugation time is shown in
Figure 4.8 (b). There are also two peaks at approximately 1349 and 1565 cm™,
corresponding, respectively, to the D peak associated with edge defects and the G
peak associated with the highly ordered graphite. The 2D peak is at approximately
2727 ecm’!. The morphology and thickness of the graphene sheet is reflected by the
intensity and shape of this peak, which is quite symmetrical, revealing high quality

graphene.
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Figure 4.8. Raman spectrum of (a) perovskite layers; (b) graphene nanofibers

(centrifuge time is 20 min).
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4.3.2 Photovoltaic performance

The current density—voltage (J-V) curves for PSC devices with graphene nanofibers
produced with different centrifugation times are shown in Figure 4.9. The addition of
graphene nanofibers in the perovskite layer is shown to improve the performance of
the device when compared with the control device without graphene nanofibers in the
perovskite layer. The curves also reveal that the different centrifugation times for the
graphene suspension can affect the performance of the device. The optimal conditions
corresponded to the case with a centrifugation time of 20 min, for which the
maximum efficiency of 19.83% was attained with a Ji of 24.38 mAcm™, V. of 1.08
V, and FF of 76% (Figure 4.9). The parameters corresponding to the best performance
for all conditions are listed in Table 4.1 and the parameters corresponding to the
average performance are listed in Table 4.2. Comparing the data in Table 4.1, the
device performance parameters under the optimal conditions of introducing graphene
nanofibers (with a centrifugation time of 20 min) into the perovskite layer are all
higher than that for the control device. Both the Jsc and FF values were improved
dramatically. In consequence, the final PCE was increased to 113% that of the control
case without graphene. The much larger grain size in the perovskite layer and
improved crystallinity of the perovskite layer with graphene nanofibers leads to much
higher FF and Jsc values. Moreover, introducing graphene nanofibers into the
perovskite layer can improve the charge carrier transport properties, which can further
increase both Jsc and V. values. The Js obtained from EQE is shown in Table 4.1.
The slight difference between the Jsc acquired by the density—voltage (i.e. J—V curves)
and the Js obtained by EQE test may be due to the error in the calibration of the
equipment for the EQE test. The values of series resistance (Rs) and shunt resistance
(Rsn) are also given in Table 4.1. Rs can be estimated by the inverse of the slope near
the open-circuit potential and the Rsy can be estimated by the inverse slope near the
short-circuit current. The device with graphene nanofibers (centrifuge time 20 min) in
the perovskite layer has the lowest Rs, which means conductivity of every layer of the

device is high, whereas this device has the highest Rsu, which indicates that the power
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loss in the solar cell through an alternate current path is very small, resulting in high
FF. From the J-V curves in reverse and forward sweeps for the perovskite layers with
and without graphene nanofibers (Figure 4.10), it can be seen that the introduction of
graphene nanofibers into the perovskite layer also facilitates reduction of the device
hysteresis. The UV/Vis absorbance spectroscopy and external quantum efficiency
(EQE) results are shown in Figures 4.11 and Figure 4.12. Introducing graphene
nanofibers into the perovskite layer is shown to enhance light absorption, especially
for wavelengths less than 550 nm. The use of graphene nanofibers in the perovskite
layer further improves the EQE performance, especially at wavelengths less than 750
nm. This is consistent with the increased absorbance (as shown in Figure 5.11) in that

improved crystallinity can better harvest light.
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Figure 4.9. J-V curves measured under 100 mW-cm 2 AM1.5G illumination.
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Table 4.1. Best performance of the Perovskite Solar Cells under AM 1.5 G

illumination
Vo FF. PCE  Jsc/mAscm — Re RSH
N mAaem?) (%) (%) oy EQEMEd (Q - cm?)  (Q'em?)
control 1.0 23.27 (2 1751 22.2 0.33 1858.1
Graphene
gggtﬁ?g'g%fgj 3 105 23.95 70 1770 225 0.30 1993.8
min
Graphene
gggtﬁ?g'g%fgj 1.08 24.38 76  19.83 235 0.22 3628.8
20 min
Graphene
gggtﬁ?g'g%fgj 1.05 24.13 73 1850 23 0.33 1502.3
60 min
Table 4.2. Average performance of the Perovskite Solar Cells
Vo (V) Jec (NA/cm?)  FF(%) _ PCE (%)
Control ~ 1.04+002 23001022 68+1 16.90+0.20
gﬁtﬁﬂ%‘zg”ﬂr’ﬁ{‘r‘s'on 1.04+002 2350+030  66+2 17.00+0.31
ggg[}%‘;g”ﬁgﬁgi‘f” 1.06+0.02 24.00+023 7242 18.90+0.21
gﬁtﬁf}igeeg“ggﬁgfr']"” 1.04+0.02 2350+0.38  70+1  17.70+0.30
0
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Figure 4.10. J-V curves in reverse and forward sweep (a) perovskite with graphene

nanofibers (centrifuge time 20 min); (b) control device.
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Figure 4.11. External quantum efficiency.
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Figure 4.12. UV—vis Absorbance Spectra.

Charge-transport times in the solar cells were investigated by IMPS. Figure 4.13
shows the typical Nyquist plots of IMPS response curves of the solar cells for the
perovskite layers with graphene nanofibers produced under different centrifugation
times. We have calculated the charge-transport times for the devices under different
centrifugation times (Table 4.3). Figure 4.14 shows a correlation of the transport time
with the PCE for devices under different conditions. The charge-transport time and
PCE are very well correlated. When charge-transport time decreases, PCE increases,
and vice versa. The best PCE with the lowest charge-transport time implies the fastest

charge mobility.
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Figure 4.13. Typical IMPS response of the devices under different conditions.
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Figure 4.14. Comparison chart of the transport time and PCE for the devices under
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Table 4.3. The electron transport time with respect to the PCE of the devices

charge transport time (ps) PCE (%)

Control 126 1751

Graphene _suspension

centrifuged 3 o 117 17.70
raphene _suspension

centrifuged 20 hin - 0.69 19.83

Graphene  suspension | 1 18.50

centrifuged 60 min

As shown in Figure 4.15, the graphene nanofibers provide a dedicated path or
highway for photogenerated charges to be transported efficiently across the perovskite
layer without being lost. For example, such charges can be lost by recombination at
the crystal—crystal interface or defects and traps in the crystals. From the steady-state
PL (Figure 4.16), we can see that the electrons are transferred more effectively in the
perovskite layer with graphene nanofibers than in that without graphene nanofibers.
As a consequence, the recombination rate can be reduced in the perovskite—graphene
nanofibers layer, which means the number of electron—hole pairs is reduced in the

perovskite—graphene nanofibers layer and thus the PL intensity is also reduced.
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Figure 4.15. The Schematic of the role of graphene nanofibers for the electron

transport.
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Figure 4.16. Steady-state PL of perovskite films under different conditions.

Figure 4.17 shows the TRPL signal and the fits by using a biexponential function. The
decays can be well-fitted indeed. When the perovskite layer was fabricated with
embedded graphene nanofibers, the PL decay was over four times lower than that of
the control device (perovskite layer without graphene nanofibers). The longer lifetime
of the perovskite layer with graphene nanofibers is also due to the improved
photoelectronic properties, which can demonstrate the lower trap-state density in the
perovskite layer with graphene nanofibers than in that without graphene nanofibers.
The summary of PL decay parameters corresponding to the fitting equation is shown

in Table 4.4.
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Figure 4.17. The TRPL of the perovskite film under different conditions.
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Table 4.4. Summary of PL decay parameters corresponding to a biexponential fitting

of the TRPL decay curves for the devices under different conditions

Equation: y = yo + Ae Xt 4 A g X0t

A1 11 Ao 12
Control _ 6048 5 6802 55
Graphene suspension 13567 19 2945 239

centrifuged 20 min

4.3.3 Stability test

The devices fabricated by different methods were placed under a relative humidity
(RH) of 85% and room temperature but without voltage load or constant illumination
for a period. The time for the stability test is not irradiation time in the entire period
but at three different times, initially, in middle and final time. So the time scale refers
to the storage time and not irradiation time. The performance of the devices with
graphene nanofibers in the perovskite layer decreased by 6% after 150 h and by 10.5%
after 300 h, whereas that of the devices without graphene nanofibers decreased by 10%

and 18%, respectively, over the same periods.

The change in performance over time at 85% RH is shown in Figure 4.18. From the
slopes of the two curves representing the change in PCE over time (Figure 4.18 (a)
and inset), we can see that the devices with graphene nanofibers in the perovskite
layers have lower slopes during the test period than that without graphene nanofibers,
which means the addition of graphene nanofibers in the perovskite layer can help to
improve the stability of the device. The changes in Vo, Jsc, and FF of the devices over
time are shown in Figure 4.18 (b)—(d), from which we can see that decreases in FF
and Jsc are the main reasons for the decrease in PCE. The above results suggest that
the presence of graphene nanofibers in the perovskite layer can help to increase the
grain size and reduce the grain boundaries. The take-up of moisture occurs
preferentially at grain boundaries and, as a result, the films with more grain
boundaries demonstrated poorer moisture stability, which was also observed in terms

of device stability [33, 34].
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Figure 4.18. Performance stability of the devices under 85% relative humidity at room
temperature: (a) PCE (inset shows comparison of the slopes for the devices with

graphene nanofibers and without graphene nanofibers); (b) Voc; (¢) Jsc; (d) FF.
4.4 Conclusions

In conclusion, we have successfully incorporated graphene nanofibers in the
perovskite layer of the perovskite solar cell. The quality of the graphene nanofibers
was optimized by controlling the centrifugation time at high centrifugal acceleration
on the precursor suspension for electrospinning nanofibers. We found that the optimal
conditions corresponded to a precursor suspension that had been centrifuged for 20
min prior to electrospinning into graphene nanofibers, which were subsequently
added to the perovskite layer. Under the optimized conditions, the device PCE
increased from 17.51% without graphene nanofibers to 19.83% with graphene
nanofibers. Firstly, the introduction of graphene nanofibers led to rapid nucleation and
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reformation of smaller crystals into much larger crystals of over 2 um. These large
crystals have fewer grain boundaries and better crystallinity, which results in much
higher FF and Js values. Secondly, the much higher Jic and Vo values can be
attributed to the improvement in charge-transport properties on incorporating
graphene nanofibers into the perovskite layer. The electron transport time for the
graphene nanofiber containing PSC was nearly half of that of the PSC device without

graphene nanofibers. The stability of the device was also improved.
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Chapter 5

Improving crystallization and charge
transfer by using a structured nanofiber

scaffold for perovskite solar cell

5.1 Introduction

As known, TiO> has been widely used in PSCs, in the typical mesoscopic devices
TiO2 nanoparticles are usually used as the scaffold layer between the TiO> compact
(or transport) layer and the perovskite layer. The porous n-type TiO; films not only
transport photoexcited electrons from the perovskite absorbing layer but they also
facilitate the perovskite crystal transformation when the perovskite layer is fabricated
by the sequential deposition process [1]. However, using TiO2 nanoparticles as
scaffold in PSCs frequently lead to inefficient electron transport in the nanocrystalline
films as electrons have to hop from one nanoparticle to the next, and the
particle-particle interfaces frequently act as traps and recombination sites for the
electrons. Further, the geometry has undesirable voids from incomplete filling by the

organic HTMs in the mesopores of the films [2].

Another serious deficiency is that the perovskite crystals formed by either the planar
device or the mesoporous device (TiO2 nanoparticles) are generally non-uniform in
size with numerous crystal-crystal interfaces that serve as recombination sites. This
has been an unresolved issue. There is a need to develop an effective method to
"engineer" crystals that are large and uniform size having high crystallinity that

improved light harvesting.
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Instead of nanoparticles, one-dimensional (1D) nanostructures/nanofiber network
have also been used [2, 3]. Moreover, the 1D nanostructures provide a direct path for
transport of photo-generated electrons. This solution provides both improved charge
transport and reduced electron-hole recombination [3, 4]. Recently, there were various
studies related to using TiO> nanowires [5, 6], nanorods [3, 7-9], nanotubes [10, 11],
and nanocones [12] as the scaffolds for PSCs. While these are known, what is yet
addressed is developing an effective approach to grow large and uniform crystals for

use in PSC device!

Here, we have developed an effective method to engineer large, uniform perovskite
crystals by using in a uniform, structured thin TiO2 nanofiber scaffold layer. Further,
we ensure large quantity of photogenerated charges can be conducted efficiently by
embedding graphene in these nanofibers to greatly enhance their charge conductivity.
The application for perovskite solar cell and functional working mechanism of this
novel nanofiber scaffold layer will be investigated in the present study. Deploying
nanofibers as PSC scaffold has not been studied extensively to our knowledge.
Dharani et al. [4] has used TiO> nanofibers scaffold to fabricate the PSC device but
with a disappointing power conversion efficiency of only 9.8%. This is because their
scaffold layer is too thick, as a result there are too many intersections among the
nanofibers which may result in numerous small crystals growing from these junctions
and non-uniform crystal layer. Subsequently, there has been virtually nil study along

this direction due to the early disappointing results.

1D nanofibers can be fabricated by using electrospinning which is a relatively simple
and low-cost technique. The research of dye-sensitized solar cells (DSSC) showed
that the long and interconnected nanofibers is a good substitute for the mesoporous
nanoparticles [13-15]. In our previous study [16], we mixed pure graphene nanofibers
with MAI, and the mixture was added to the precoated Pbl, layer. The graphene
nanofiber surface provided surface for seeding of crystals. The crystals grew on the
periphery of the nanofibers. The crystal size was not controlled. Further, the graphene

nanofibers in the perovskite layer can be randomly distributed, resulting in clusters of
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crystals in region where nanofibers were located, especially at the junction of fibers.

The crystallization process in the perovskite layer is somewhat unregulated.

As a departure from the previous approach of growing crystals on graphene nanofiber
periphery that result in uncontrolled crystal size; here, we develop structure
nanofibers scaffold layer that facilitate the formation of large and uniform crystals and
smooth layer perovskite layer. Unlike previous approach [16], these crystals do not
contact any graphene surface for seeding/nucleation. One of the interesting issues is to
establish the feasibility of this approach. To summarize, there are a total of four issues
that will be addressed in this study. The first issue is to develop structured nanofiber
scaffold layer. The second issue is to grow large and uniform crystals over the
structured nanofibers scaffold layer. The third issue is to be able to quantify the
enhanced crystallinity and light absorption properties of the resultant perovskite
crystals. The fourth issue is to improve the conductivity of the semiconductor
nanofiber scaffold so that the large amount of photogenerated electrons can be

transported effectively to the electrode.

It is known that graphene-derived nanomaterials facilitate high conductivity and serve
as excellent interfacial electrical contact. As such, they are good candidates for
deploying in PSC for optimizing the efficiency of the cells. So far, the
graphene-derived nanomaterials have been used in various interfaces, such as rGO
being used in compact TiO layer, rGO in mesoporous TiO> nanoparticle layer or in
HTL [17-20]. However, there is virtually little to nil study about the application of
TiO2 nanofibers with embedded graphene for the PSCs to improve the nanofiber
charge conductivity. What is the genuine function of this new configuration for the
PSC? Do the nanofibers embedded with highly conductive graphene provide more
efficient electron/charge transport, thereby reducing recombination? What is the
optimal graphene size and amount in the nanofibers to improve the performance of
the PSC device in terms of PCE, FF, and J«? These interesting issues will be

addressed in this investigation.

In this chapter, an optimal-thickness TiO: nanofibers scaffold layer with large,
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uniform pores is used for growing crystals. In the nanofiber scaffold, adjacent
nanofibers are oriented parallel to each other by use of two closely spaced disks as the
target for the electrospun nanofibers during electrospinning. The pore/opening
geometry in the nanofiber mat is not perfectly rectangular, but approximately
polygon-shape, and of uniform size. An important parameter is the electrospinning
time in affecting the size, uniformity of the pores and the number of the intersections
of the nanofibers. Short electrospinning time produces ultra-thin scaffold which is
ineffective with irregular pore, while too long electrospinning time produces a thick
scaffold with small, non-uniform size pores and too many nanofibers intersections
that restrict crystal size which is the shortcoming of the earlier work [4] resulting in
relatively lower efficiency (less than 10%) for the PSC. The present approach
guarantees large, uniform crystals to be formed. Therefore, an optimal scaffold

thickness is required which requires to be determined from the experiments.

One further enhancement on the TiO> nanofibers mat is to embed graphene in a
roll-up form in the nanofibers. This is because when 2D graphene sheets are used
instead, electrons/charges can migrate to the edge of the graphene sheet and
recombine with the holes. However, when the graphene sheets are rolled up, this
eliminates the free edges and electrons are forced to travel along the axis of the
roll-up graphene sheet. Given the graphene roll is inside the TiO2 nanofibers, the

charges are transported along the TiO2 nanofibers in the graphene core.

There are two major benefits with this new configuration. First, the intersections of
the nanofibers provide sites for nucleation of perovskite crystals and the thin
structured nanofibers may control the growth of the perovskite crystals, these can help
to form uniform, large perovskite crystals with reduced interface. This produces
crystals with excellent crystallinity and can harvest more light. Further, the reduced
crystal-crystal interface and the minimization of unreacted Pbl, both reduce
recombination sites resulting in much higher FF. Second, the TiO2 nanofibers with
embedded graphene can improve the charge transport property resulting in increased

Voc and Jsc. With this approach, the resulting device exhibits the best PCE of 19.30%
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under AM1.5G standard solar simulation as compared to the reference PSC cell with
PCE of 17.46%. This is an 11% performance improvement above and beyond the

reference PSC device without the scaffold.

5.2 Experimental Details

5.2.1 Synthesis of TiO2 nanofibers and TiO:2 nanofibers with

embedded graphene

Using the methods which are shown in Chapter 2 to prepare the graphene precursor

solution and fabricate the nanofibers.

The methods of preparation of substrate and ETL, synthesis of Pblx(DMSO)x
Complex, fabrication of perovskite layer and HTL preparation are same as that in

Chapter 3. In this study, gold was used for the thermal evaporation.

5.3 Results and Discussion

5.3.1 Morphology and crystallization of perovskite layer

Figure 5.1 (a), (b) show the idealized model of the structured scaffold layer, from
simple to more complex geometry, that can help to grow large perovskite crystals and
with good crystal uniformity. Consider Figure 5.1 (a), the vertical nanofiber “a”
provides nucleation site for the perovskite crystals, and a crystal grows with front
advancing left and right of the nanofiber a. Likewise for the adjacent nanofiber “b”, a
crystal also grows advancing left and right of that fiber. At the mid-plane between
nanofibers “a” and “b”, it serves as the edge of the two crystals. In Figure 5.1b,
nanofibers “A”-“D” and nanofibers “a”-“d” represent, respectively, the horizontally
and vertically oriented TiO; nanofibers in an idealized “square grid” arrangement.
Crystals nucleate and grow from segment between Node 4 and Node 8 of nanofiber
“B” upward and downward, respectively in Figure 5.1 (b); and from nanofiber
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segment between Node 2 and Node 6 of nanofiber “C” horizontally left and right,
respectively. The net effect is that by symmetry of the geometry, the crystal growth is
extended radially outward from Node 0. Similarly, from any intersection of nanofibers
other than Node 0, crystal grows from the intersectin of nanofibers and the geometric
center of the pores/openings become the vertices of the boundary for the crystals. For
example, the vertices for Crystal 1 are Nodes 1, 2, ..., 7, 8 as shown in Figure 5.1 (b).

Similarly, we have Crystal 2, Crystal 3 (not shown), etc.

The yellow dot lines in the Figure 5.1 (b) show the boundaries of the perovskite
crystals formed using this model. We try to produce evenly-spaced, parallel
nanofibers in both horizontal and vertical directions, so that the opening between the
fibers is square or rectangular. In real situation, the openings are more polygon-shaped.
Despite this, large uniform crystals can still form at the nanofiber intersections with
vertices located at the center of the openings. As can be seen, the structured
nanofibers scaffold is important to regulate large, uniform crystals to be formed in the

perovskite layer.

Nanofiber a Nanofiber b

A
ra7

(a)
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Figure 5.1 The idealized model of the formation of perovskite crystals on the

structured TiO2 nanofibers scaffold layer.

Raman spectra measurement was used to estimate the existence of graphene in the
TiO2 nanofibers. Figure 5.2 shows the Raman spectra of the TG nanofiber. The insert
diagram in the figure reveals that there are two peaks approximately 1352 and 1573
cm’! in the TiO./embedded graphene nanofibers spectrum, corresponding, respectively,
to the D peak associated with edge defects and the G peak associated with the highly
ordered graphite. The 2D peak is located at approximately 2717 cm™. The
morphology and thickness of the graphene sheet can be reflected by the intensity and
shape of this peak. The high-quality graphene embedded in the nanofibers can be
revealed by the symmetrical profile of the peak with respect to the center axis drawn

through the peak.
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Figure 5.2. Raman spectra of TG nanofibers.

Figure 5.3 (a) shows the SEM images of a thin structured nanofibers scaffold layer
that was formed on the TiO> compact layer that was coated on the FTO glass. The
average diameter of the nanofibers is about 80 nm as determined from Figure 5.3 (a).
Too long electrospinning time produces a thick electrospun scaffold with too many
nanofibers intersections and non-uniform pores, while too short electrospinning time
produces irregular pores. By controlling the appropriate electrospinning time, the
scaffold layer thickness can be optimized to produce evenly spaced nanofiber
intersections with large uniform pores between nanofibers. Our larger pore size
facilitates penetration of the perovskite precursor solution deep into the pores, thereby
enabling better contact and adhesion between the perovskite crystals and the TiO»
dense layer [21]. The large pores also benefit good contact, and therefore complete
reaction, between the Pbl, (inorganics) introduced first in the pores and the MAI
(organics) introduced subsequently into the pores to react with the Pbl,. Consequently,

the unreacted Pblo is being reduced, as will be seen later. Based on the
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aforementioned model, the “white dots” shown in Figure 5.3 (b) locate the center of
the pores between nanofibers, which are also the vertices of the boundary for the
crystal. By connecting the vertices wrapping around the nanofiber intersection, we
can define the geometry of the model crystal. Two such crystals are shown in Figure
5.3 (b). Figure 5.3 (c) illustrates all the model crystals that are defined by boundaries
drawn between predetermined vertices (located at center of the pores/openings) with
crystal centered at the nanofiber intersections. For sufficient large crystals, two or
more crystals can be formed or split up from one large, single crystal. Figure 5.3 (d)
shows the actual real crystals that were obtained. As seen in Figure 5.3 (d), the
crystals are quite large and uniform. To determine the effective size of the crystal, an
imaginary rectangle with length a and width b is being fitted to the polygon-shaped

crystals, so that they have the same area as the imaginary rectangle. The equivalent

size is defined as the geometric mean of these two dimensions vab. This approach is

used to determine the size distribution of the model crystals in Figure 5.3 (c) as well
as the size distribution of actual crystals shown in Figure 5.3 (d). The comparison
between these two distributions are depicted in Figure 5.3 (e). The size of the actual
crystals is concentrated in the range 0.9-1.4 micrometers, which compares well with
the size of the model crystals that are concentrated in the range 1.0-1.7 micrometers.
This demonstrates that uniform crystals of the prescribed size to be formed for the
perovskite harvesting layer can be engineered using an optimized nanofiber scaffold
approach and can be reasonably modelled. Further, the optimized nanofiber scaffold
approach also reduces the formation of smaller crystals that increase the interface and

recombination sites.

In contrast without the scaffold, as shown in Figure 5.3 (f) the perovskite layer is not
as uniform and smooth as that shown in Figure 5.3 (d), and there are much more small
spiculate stuff. The absence of the spiculate using the present approach is attributed to
the uniform spaced scaffold providing seeding/nucleation and crystallization of the
perovskite crystals facilitating the complete reaction of Pblo with MAI to
CH3;NH3Pbls.
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The amount and quality of the graphene in the TiO> nanofibers is well controlled by
the centrifugation time on the precursor suspension with graphene for electrospinning.
when the centrifugation time on graphene precursor suspension is too short, say 3 min,
there are too many large graphene sheets remaining in the supernatant and these
cannot be incorporated/embedded inside the nanofibers. As a result, exposed graphene
flakes can be seen in Figure 5.3 (g), which indicates excessive graphene in the TiO>

nanofibers.
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Figure 5.3 (a) SEM image of the TG nanofibers (graphene precursor solution
centrifuged 5 min). (b) Define vertice of polygon at center of opening between
nanofibers. (¢) Crystals boundary based on vertices of the openings with crystal
wrapping about crisscross nanofibers. (d) SEM image of perovskite layer with TG
nanofiber scaffold. (¢) Comparing the size of actual perovskite crystals and the
modelling crystals. (f) SEM image of perovskite layer without TG nanofiber scaffold.

(g) TG nanofibers (graphene precursor solution centrifuged 3 min).

On the other hand, the small spiculate stuff without the scaffold approach might have
been the Pbl that has yet been left without reacting with MAI to form CH3NH3Pblz
[1]. This unreacted Pbl, in the conventional approach (without scaffold) leads to
electron-hole recombination at these sites, which can be seen in the XRD patterns of
the perovskite layers in Figure 5.4. From Figure 5.4, indeed we can see that for the
sample without TG nanofiber scaffold, the XRD pattern of the perovskite layer show
weak peaks of the Pbl> which indicates that not all the Pbl, has been chemically
reacted to form CH3NH;3Pbls. In contrast, the sample with TG nanofibers scaffold do
not have such peaks confirming full transformation of Pbl, to CH3;NH;Pbls.
Comparing the areas of the main peak (110) of CH3NH3Pbl; in Figure 5.4 for the
devices with/without TG nanofibers scaffold, we can see that the area for the
perovskite with TG nanofibers scaffold (1251.7) is at least 5 times larger than that
without scaffold (232.7) which implies the perovskite layer formed by the TG
nanofibers scaffold has much higher crystallinity, which agrees with the nice

morphology of the perovskite crystals obtained by the scaffold approach.
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Figure 5.4. XRD patterns of the perovskite layers with and without TiO2/graphene

nanofibers scaffold

Further, the more uniform perovskite layer with large crystals helps to harvest more
light across the entire light spectrum from 350 to 800 nm. This is further confirmed by
the UV—vis absorbance spectra as shown in Figure 5.5. On contrary, too thick a
nanofiber scaffold creates too many nanofiber intersections due to random laying of
the non-woven nanofibers stacking on top of each other, resulting in small and
non-uniform sized crystals, which have low crystallinity and low light harvest
property. This also explains the poor performance reported with earlier work [4] In
addition, in earlier work [4] there was no embedded carbon or graphene in the

nanofibers to improve charge conductivity as discussed later.
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Figure 5.5. UV—vis Absorbance Spectra.

5.3.2 Photovoltaic performance

The best performance based on current density—voltage (i.e. J—V curves) of the
devices for PSC devices, respectively, with the planar structure without scaffold
(control), TiO2> nanofiber scaffold, and TG nanofibers scaffold produced using
different centrifugation times controlling the graphene in the scaffold nanofibers is
shown in Figure 6.6. As can be seen, when only TiO> nanofibers scaffold was used,
performance of the device was improved as compared with the device without
scaffold (control). This is due to the fact that the structured TiO» nanofibers
mesoporous layer can help to form more uniform and smoother perovskite layer with
large crystals as described by Figure 5.3 (b) and (c). Furthermore, the TiO2 nanofibers
scaffold can also provide a direct path for the electrons to be transported. This can be
seen in Figure 5.3 (c) as well as the transport property improvement as demonstrated
in the IMPS test results to follow. More importantly, large, uniform crystals form in

the nanofiber scaffold that reduces recombination from excessive interfaces due to
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small and non-uniform sized crystals. However, the transport of charges along TiO-
semiconductor nanofibers is not as efficient as with nanofibers that are highly
conductive, e.g. carbon nanofibers. This shortcoming can be compensated by use of
graphene embedded in the TG nanofibers scaffold. This can be seen by the Js in
Figure 5.6 for the 3-min and 5-min TG nanofiber curve both of which are greater than
those with the control and the TiO> nanofiber scaffold. The TiO2 nanofiber scaffold
provide large, uniform crystals with high crystallinity which is excellent for light
harvest while the graphene embedded in the nanofibers assist in the charge transport
boosting the short circuit current. Therefore, it is expected that the PSC with the TiO»
nanofiber scaffold with embedded graphene out-performs that with the TiO2 nanofiber
scaffold without embedded graphene due to improve charge transport. While the PSC
with the TiO2 nanofiber scaffold without embedded graphene out-performs the planar
PSC device without the scaffold due to larger and more uniform crystals of the former
that harvest more light and reduce recombination with less crystal boundaries and

unreacted Pbl,.

When the centrifugation time was decreased from 20 to 5 min, the graphene in the
supernatant was higher, implying the concentration of graphene in the formed
nanofibers were higher as well. This leads to better performance of the PSC device.
Therefore, at relative low graphene concentration, increasing the amount of graphene
in the scaffold layer improved the charge collection efficiency. However, when the
centrifugation time on graphene suspension further decreased from 5 to 3 min,
resulting in even higher concentration of graphene in the nanofibers, the efficiency of
the device ultimately decreased. This is because excessive graphene in the TiO»
nanofibers acted as recombination sites for the electrons, which ultimately reduced the
FF. The content of graphene in the TiO> nanofibers under different centrifugation time
was estimated by using thermogravimetric analysis (TGA). The only volatile species
in the nanofibers was graphene in the measurement. Figure 6.7 shows the TGA results
of the TG nanofibers with different centrifuge time on the graphene precursor

suspension. The TGA showed a single-step decomposition of the nanofibers. The
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decomposition of all the samples was completed at the same temperature of 1000°C.
The mass-loss of the samples under the centrifugation time 20 min, 5 min and 3 min

was 19.77%, 8.46% and 3.10% respectively.

From Figure 5.6, it is evident that the most optimal condition corresponds to the case
with centrifugation time of 5 min with 8.46% graphene in the TiO; nanofibers, for
which the maximum PCE reached 19.30% with J of 24.06 mA-cm 2, Voc of 1.08 V,
and FF of 75%. The parameters corresponding to the best performance for all the
conditions are summarized in Table 5.1, while the parameters corresponding to the
average performance are tabulated in Table 5.2. Comparing the data in Table 5.1, the
device performance parameters, Voc, Jsc, FF, and PCE at the optimal condition with
TG nanofibers scaffold (i.e. produced with centrifugation time of 5 min) are all higher
than that for the control device. Specifically, both Js. and FF have been improved
dramatically due to 1D charge transport using graphene and the large crystals
minimizing interfaces with consequence of reducing recombination. As a whole, the
final PCE has been raised by 11% as compared to that of the control device without
TG nanofiber scaffold. It is evident that the more uniform and smoother perovskite
layer leads to much higher FF. Meanwhile, the increased Jsc and V. are primarily due
to the embedded graphene in the TiO> nanofibers scaffold, which enhances the charge
carrier transport property. Figure 5.8 (a), (b) show the J-V curves in reverse and
forward sweeps for the perovskite layers with and without TG nanofibers, respectively.
It can be seen that the use of TG nanofibers scaffold for the device further facilitates
reduction in the hysteresis, which is advantageous. The external quantum efficiency
(EQE) results are shown in Figure 5.9. The use of TG nanofibers scaffold for the
devices can also improve the performance of EQE, especially at wavelengths less than

750 nm. This is consistent with the increased absorbance as shown in Figure 5.5.
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Figure 5.6 J-V curves measured under 100 mW-cm > AM1.5G illumination.

Table 5.1 Best performance of the Perovskite Solar Cells under AM 1.5 G

illumination
Voe (V) Jsc (mA/cm?) FF(%) PCE (%)

Control 1.05 23.54 71 17.46
TiO2 nanofibers scaffold 1.05 23.66 73 18.12
TG nanofibers scaffold
(centrifuged 20 min) 1.05 23.62 73 18.22
TG nanofibers scaffold 1.08 24.06 75 19.30
(centrifuged 5 min) : ’ )
TG nanofibers scaffold 1.05 23.96 74 18.60
(centrifuged 3 min) ) ’ )
Table 5.2. Average performance of the Perovskite Solar Cells

Voc (V) Jsc (MA/cm?) FF(%) PCE (%)
Control 1.00+0.02 23.10+0.31 69+3 17.00+0.25
Graphene suspension
centrifuged 20 min 1.03+0.02 23.20+0.25 69+2 17.30+0.31
Graphene suspension
centrifuged 5 min 1.06+0.02 23.73+0.22 71+2 18.50+0.23
Graphene suspension 4 55 502 23324026  70+1  17.80+0.30

centrifuged 3 min
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Figure 5.9. External quantum efficiency.

The charge transport time in the solar cells was further investigated IMPS. Figure
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5.10 shows the typical Nyquist plots of IMPS response curves of the solar cells for the
devices with TiO; nanofibers scaffold and with TG nanofibers scaffold produced
under different centrifugation times. The charge transport time of the devices under
different centrifugation times have been calculated and the results are tabulated in
Table 5.3. Figure 5.11 shows the comparison chart of the transport time and PCE for
the devices under different configuration times. Indeed, the charge transport time and
PCE are very well correlated. When the charge transport time decreases, PCE
increases; and vice versa. The best PCE (19.3%) with the lowest charge transport time
(0.8 ps) implies the fastest charge mobility. Based on the foregoing discussion, the
nanofibers scaffold provides a dedicated path for photo-generated charges to be
transported efficiently from perovskite layer to ETL without getting lost and the
charge transport time is reduced as compared to the control without the scaffold.
Further, when graphene is inserted in the TiO2 nanofibers to form TG scaffold, the
performance is even more superior. Due to the higher conductivity of the TG
nanofibers scaffold when compared with only TiO: nanofibers scaffold, the TG
nanofibers scaffold can further improve the charge transport property for the devices.
As a result, the transport time for the TG scaffold is nearly half (=0.8/1.5=0.53) of
that of the control device without the nanofiber scaffold and the graphene in the

nanofibers.
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Figure 5.10 Typical IMPS response of the devices under different conditions.
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Table 5.3 The electron transport time with respect to the PCE of the devices.

charge transport time PCE (%)

(us)
Control 1.50 17.46
With TiO2 nanofibers
scaffold 1.40 18.12
With TG nanofibers scaffold
(centrifuged 20 min) 1.30 18.22
With TG nanoﬁb.ers scaffold 0.80 1930
(centrifuged 5 min)
With TG nanofibers scaffold 1.00 18.60

(centrifuged 3 min)

The steady-state PL is shown in Figure 5.12, it is evident that the TiO2 nanofibers
scaffold can facilitate the transport of the electrons from perovskite layer to ETL.
When the TiO; nanofibers embedded with graphene is adopted as the mesoporous
layer, the electrons are transferred even more efficiently. As a consequence, the
interfacial recombination rate is much lower for the devices with TG nanofibers
scaffold when compared with the other two configurations (i.e. planar device without
scaffold and with TiO2 scaffold alone without graphene), thus the PL intensity is also
the lowest under this condition. Figure 5.13 shows the TRPL signal and curve fits are
made by using a bi-exponential function. The decay behaviors can be well-modelled.
For the devices with the nanofibers scaffold, the PL decay is lower as compared to
that without nanofiber scaffold due to less recombination sites with the large uniform
crystals having less boundaries/interfaces. For the case with TiO> nanofiber scaffold
embedded with graphene, the PL decay is further retarded. The longer lifetime of the
device with TG nanofibers scaffold is attributed to the improved photoelectronic

transport properties.
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Figure 5.12. Steady-state PL spectra of perovskite films under different conditions.
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Figure 5.13. The time-resolved photoluminescence of the devices under different

conditions (t1 and t2 are the lifetimes associated to the fast and slow recombination,

respectively).

5.3.3 Stability test

The stability of the devices fabricated under different conditions has been investigated
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in this study. The devices were placed under the relative humidity of 85 RH% and
room temperature, but without voltage load and constant illumination for a period.
The time for the stability test is not irradiation time in the entire period but at three
different times, initially, in middle and final time. So the time scale refers to the
storage time and not irradiation time. The performance of the devices with TG
nanofibers scaffold decreased by 6.5% after 150 h, and by 11% after 300 h; whereas,
the devices without scaffold decreases by 10% and 18%, respectively, for the same
period. Figure 5.14 shows the trend of the performance changed with the time at 85
RH%. The insert pictures in Figure 5.14 (a) are the slopes of the two curves. It can be
seen that the devices with TG nanofibers scaffold have smaller slopes during the test
period when compared with that devices without scaffold, which means the
application of TG nanofibers scaffold can improve the stability of the device. The
other photovoltaic parameters of the devices are shown in Figure 5.14 (b)-(c). Based
on all the comparison, the use of TG nanofibers scaffold can improve the stability of
the devices. This may be due to the fact that TiO> nanofiber scaffold can help to
reduce the generation of O?" because of electron injection by TiO2 [22]. Our previous

discussion shows the presence of residual Pbly in the perovskite layer for the case
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without TG nanofibers scaffold, this may also has the negative influence on the device

stability which has been estimated by Gujar et al [23].

— Control device

With TG nanofibers scaffold (centrifuged 5 min)

1.07

g
2 1.021

18- (a) 1.06 -
. E ~ 1.05
= > 1
w 17 2 1.04-
o 300h ]
%16— £ 1.03-
@
>
<

1.01-

=
(9]
=
’/
J .
7
Iy
i I
A Vi

1.00

w
=]

150 200 250 0 0 50 100 150 200 250 300
Time (h) ] Time (h)

o
o
a4
-
[=]
[S]

—
=1

N N
[ [ ]
(=] w
FF (%)
- -~
(%] F-

Jsc (mAfem’)
[
o
[(#1]
F o

n
IN]
o
o
@
1

(c) (d)

T T T T T T T T
50 100 150 200 250 300 0 50 100 150 200 250 300
Time (h) Time (h)

[X]

w
=]
=1

o

Figure 5.14 Stability on performance of the devices under 85% humidity and at room
temperature (The insert pictures in (a) are the comparison of the slopes for the devices

with TG nanofibers scaffold (red line) and without scaffold (black line), respectively).

5.4 Conclusions

In conclusion, we have successfully engineered large, uniform perovskite crystals by
crystallizing in well-defined structured pores from pre-fabricated thin TiO2 nanofiber
scaffold. The TiO2 nanofibers in the scaffold are further embedded with graphene for
use in the perovskite solar cell to improve charge conductivity. The concentration of
the graphene in nanofibers has been optimized by controlling the centrifugation time
at high centrifugal acceleration on the precursor suspension containing graphene. The
most optimal condition corresponds to the graphene precursor suspension that has
been centrifuged for 5 min, which subsequently is used for preparing the
TiOz/embedded graphene precursor solution for electrospinning. Under this optimal

125



condition, the device PCE increased from 17.46% without the scaffold to 19.30%
with TG nanofibers scaffold, representing a 11% increase. First, due to the structured
nanofibers scaffold, a more uniform and smoother perovskite layer with large grain
sizes can be formed, which has excellent crystallinity and light harvesting
characteristics. In addition, the unreacted Pbl,, which provides the recombination sites,
is reduced. This leads to higher FF and better light harvesting. Second, the much
higher Jsc and V. can be attributed to the improved charge transport property by using
graphene embedded in the TiO> nanofibers scaffold for the devices. The electron
transport time for the device with TG nanofibers scaffold is nearly half of that of the
devices without the scaffold layer. In summary, an effective method to engineer large,
uniform perovskite crystals by crystallizing in pre-fabricated TiO2 nanofibers and
ensuring high conductivity of these nanofibers by embedding graphene has been
presented for the first time. The application for perovskite solar cell and functional
working mechanism of this novel nanofiber scaffold layer have also been investigated

in detail in this study.
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Chapter 6

Reducing Interfacial resistance of charge

transport for perovskite solar cell

6.1 Introduction

Enhancing the electron transport property is an important factor for improving the
efficiency of the perovskite solar cells. As known the charge carrier transport
efficiency is sensitive to both the morphology and the electronic structures of the
various interfaces in PSCs [1]. It is essential to reduce the interfacial resistance at the
interface, and this is demonstrated herein for the interface between the compact
charge transport layer and perovskite layer. This can facilitate the transport of charge

carriers across the interface which can become the choke point of the circuit [2-6].

Han et al. used reduced graphene oxide (rGO) / mesoporous (mp)-TiO2
nanocomposite based mesostructured perovskite solar cells to show that by improving
electron transport property at the compact layer/perovskite layer interface, an optimal
PCE of 14.5% can be reached [7]. Zhu et al. inserted an ultrathin graphene quantum
dots (GQDs) layer between perovskite and the compact TiO; layer. The best PCE
reached was 10.15% [8]. Could there be any other more conductive materials or other
morphological forms of carbon that can provide more efficient transport across such

interface? This is the basis of our present study.

As we have seen, the 1D nanostructures, such as nanofibers, can provide a direct path
for transport of photo-generated electrons. This solution provides both improved
charge transport and reduced electron-hole recombination [9, 10]. Moreover, as

known pristine graphene has higher conductivity and less defects. In this study we
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used an ultrathin layer of pristine graphene nanofibers as the interlayer between ETL
and perovskite layer. The pristine graphene nanofibers can by-pass interfacial
resistance, thereby facilitating electron transport across the interface of the two layers.
In other words, the graphene nanofibers interlayer serves as a bridge across the
interface. As a result, Js. can been increased when the graphene nanofibers interlayer
has been applied. With this approach, the resulting device exhibits the best PCE of
18.62% under AM1.5G standard solar simulation as compared to the reference PSC
cell (without graphene nanofibers interlayer) with PCE of 17.46%. This is a 6.64%

performance improvement.

6.2 Experimental Details

6.2.1 Synthesis of pristine graphene nanofibers

Using the methods which are shown in Chapter 2 we have prepared the graphene

precursor solution and fabricated the nanofibers.

The methods of preparation of substrate and ETL, synthesis of Pblx(DMSO)x
Complex, fabrication of perovskite layer and HTL preparation are the same as that in

Chapter 3.

6.3 Results and Discussion

6.3.1 Morphology and crystallization of graphene nanofibers

Figure 6.1 shows the SEM image of an ultrathin layer of graphene nanofibers on the
TiO> dense layer under the best condition (graphene precursor solution centrifuged 60
min). When the centrifuge time is too long, the majority of graphene sheets have been
centrifuged out and this cannot have a significant effect on the charge transport across
the compact layer-perovskite layer interface. However, when the centrifuge time is

too short, there are too many large graphene sheets remaining in the supernatant and
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these cannot be entirely incorporated/embedded inside the nanofibers. As a result,

exposed graphene flakes may act as the recombination sites for the charge carriers.

,;

Figure 6.1. SEM image of the graphene nanofibers (centrifuged 60 min) on the TiO>

dense layer.

We have used the Raman spectrum measurement to demonstrate the exitance of
graphene in the nanofibers. Figure 6.2 shows the Raman spectrum of the graphene
nanofibers (centrifuged 60 min). There are two peaks approximately 1355 and 1576
cm’! in the graphene nanofibers spectrum, corresponding, respectively, to the D peak
associated with edge defects and the G peak associated with the highly ordered
graphite. The 2D peak is located at approximately 2725 cm™. The morphology and
thickness of the graphene sheet can be reflected by the intensity and shape of this
peak. The high-quality graphene embedded in the nanofibers can be revealed by the
symmetrical profile of the peak with respect to the center axis drawn through the

peak.
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Figure 6.2 Raman spectra of graphene nanofibers.

6.3.2 Photovoltaic performance

The best performance based on current density—voltage (i.e. J—V curves) of the
devices for PSC devices, respectively, with and without graphene nanofibers
interlayer produced using different centrifugation times is shown in Figure 6.3. We
can see that when graphene nanofibers interlayer was used, performance of the device
was improved as compared to the device without the interlayer. This is due to the fact
that the graphene nanofibers interlayer can improve the charge transport property
which can be demonstrated in the IMPS test. The amount and quality of the graphene
nanofibers affect the device performance. This is well controlled by the centrifugation
time on the precursor solution, with suspended graphene, used for electrospinning.
From Figure 6.3, it is evident that the most optimal condition corresponds to the case
with centrifugation time of 60 min, for which the maximum PCE reached 18.62%
with Jio of 24.35 mA-cm 2, Vo of 1.08 V, and FF of 71%. The parameters

corresponding to the best performance for all the conditions are summarized in Table
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6.1, while the parameters corresponding to the average performance are tabulated in
Table 6.2. Comparing the data in Table 6.1, the device performance parameters, Ve,
Jse, FF, and PCE at the optimal condition with graphene nanofibers interlayer (i.e.
produced with centrifugation time of 60 min) are all higher than that without the
interlayer. Specifically, both Jic and V,c have been improved dramatically due to
graphene nanofibers interlayer to facilitate the charge transport across the
compact-perovskite layer interface. As a whole, the final PCE has been raised by
5.2% as compared to that of the control device without graphene nanofiber interlayer.
The EQE results are shown in Figure 6.4. It is clear that the use of graphene
nanofibers interlayer for the PSC devices improve the performance of EQE, at

wavelengths between 330 nm and 750 nm.

0
-5
Control device
| |— With graphene nanofibers interlayer, centrifuge time 10min
—— With graphene nanofibers interlayer, centrifuge time 60min
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§
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=
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Figure 6.3. J-V curves measured under 100 mW-cm 2 AM1.5G illumination.
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Table 6.1. Best performance of the Perovskite Solar Cells under AM 1.5 G

illumination
PCE
ocC sC A 2 FF
Voc (V)  Jse (mA/cm?) %)
Control device 1.05 23.88 0.71 17.70
Graphene suspension 1.05 24.09 0.61 15.49
centrifuged 10 min
Graphene suspension 1.08 24.35 0.71 18.62
centrifuged 60 min
Graphene suspension 1.03 23.24 0.70 16.60
centrifuged 100 min
Table 6.2. Average performance of the Perovskite Solar Cells
Voc (V) Jsc (MAlcm?)  FF(%)  PCE (%)
Control 1.03+0.02 23.20%0.33 69+2 17.20%0.30
Graphene suspension
centrifuged 10 min 1.03+0.02 23.62+0.26 59+2  15.00£0.29
Graphene suspension
centrifuged 5 min_ 1.06+0.02 23.93%0.21 69+2  18.02+0.22
Graphene suspension 4 554905 22964025  68+1 16.1240.28

centrifuged 3 min
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Figure 6.4. External quantum efficiency.
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The charge transport time in the solar cells was further investigated by IMPS. The
charge transport time of the devices under different centrifugation times have been
calculated and the results are tabulated in Table 6.3. Figure 6.5 shows the comparison
chart of the transport time and PCE for the devices under different configuration times.
Indeed, the charge transport time and PCE are very well correlated. When the charge
transport time decreases, PCE increases; and vice versa. The best PCE (18.62%) with
the lowest charge transport time (0.8 ps) implies the fastest charge mobility. Based on
the foregoing discussion, the nanofibers interlayer provides a dedicated path for
photo-generated charges to be transported efficiently from perovskite layer to ETL
without getting lost by traps at the interface between the two layers and the charge
transport time is reduced as compared to the control without the interlayer. As a result,
the transport time for the device with graphene nanofibers interlayer has been
shortened by 21% (=1-0.8/1.01) when compared with that of the control device

without the graphene nanofiber interlayer.
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Figure 6.5. Comparison chart of the transport time and PCE for the devices under
different conditions
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Table 6.3 The electron transport time with respect to the PCE of the devices.

Carrier transport time

PCE(%
(1) o

Graphgne solution centrifuge 1 16.60
100min
Graphene solution centrifuge 0.8 18.62
60min
Graphene solution centrifuge 11 15.49
Smin
Control device 1.01 17.70

6.4 Conclusions

Applying an ultrathin graphene nanofiber interlayer in between the compact and
perovskite layers can facilitate the reduction of interfacial resistance and improve
charge transport property of the PSC as a whole. Through control the centrifugation
time of the graphene precursor solution can control the quality of the graphene
nanofibers which can affect the performance of the devices. This reflects that the size
and amount of graphene for the interface is important and given we do not know this
apriori without carrying out testing to determine the optimal. After optimization,
indeed the optimized PSC showed a higher PCE of 18.62% when compared with

17.7% of control device.
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Chapter 7

Conclusions and Future Outlook

7.1 Conclusions

The organic—inorganic lead halide perovskite solar cells have experienced a dramatic
improvement in PCE in recent years. It is clear that film morphology (such as film
coverage and grain size) and film quality of perovskite layer are important factors
affecting the performance of PSC. In addition, enhancing the electron transport
property is also a vital factor for improving the efficiency of the perovskite solar cells.
In this thesis, a series of optimized and controllable fabrication techniques for

obtaining high-performance devices were systematically studied.

First, an efficient, low-cost method to fabricate a uniform and dense perovskite layer
with large crystal size has been demonstrated by applying DMSO via an intercalation
process to increase the crystal size and introducing HCI as an additive to slow-down
the crystal growth rate to get more uniform crystals. Concurrently, the crystallinity of
the perovskite layer and the charge transport property of the device can be also
enhanced. A high efficiency of 17.8% has been achieved by the device with both the
DMSO and HCI synergistic treatment. Furthermore, 11% and 17% improvements
have been realized with combined DMSO and HCI treatments when compared with
the devices with application of only DMSO and only HCI, respectively. Also, the
stability of the device from high humidity, high solar irradiation, and high temperature

due to HCI treatment has been improved compared with just DMSO treatment.

Second, a method for incorporating graphene nanofibers in the perovskite layer of the
perovskite solar cell has been successfully demonstrated. The quality of the graphene

nanofibers was optimized by controlling the centrifugation time at high centrifugal
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acceleration on the precursor suspension for electrospinning nanofibers. We found
that the optimal conditions corresponded to a precursor suspension that had been
centrifuged for 20 min prior to electrospinning into graphene nanofibers, which were
subsequently added to the perovskite layer. Under the optimized conditions, the
device PCE increased from 17.51% without graphene nanofibers in the perovskite
layer to 19.83% with graphene nanofibers in the perovskite layer. Firstly, the
introduction of graphene nanofibers led to rapid nucleation and reformation of smaller
crystals into much larger crystals of over 2 um. These large crystals have fewer grain
boundaries and better crystallinity, which results in much higher FF and Js. values.
Secondly, the much higher Jsc and Vo values can be attributed to the improvement in
charge-transport properties on incorporating graphene nanofibers into the perovskite
layer. The electron transport time for the graphene nanofiber containing PSC was
nearly half of that of the PSC device without graphene nanofibers. The stability of the

device was also improved.

Third, an approach for engineering large, uniform perovskite crystals by crystallizing
in well-defined structured pores from pre-fabricated thin TiO2 nanofiber scaffold has
been presented. The TiO> nanofibers in the scaffold are further embedded with
graphene for use in the perovskite solar cell to improve charge conductivity. The
concentration of the graphene in nanofibers has been optimized by controlling the
centrifugation time at high centrifugal acceleration on the precursor suspension
containing graphene. The most optimal condition corresponds to the graphene
precursor suspension that has been centrifuged for 5 min, which subsequently is used
for preparing the TiO»/embedded graphene precursor solution for electrospinning.
Under this optimal condition, the device PCE increased from 17.46% without the
scaffold to 19.30% with TG nanofibers scaffold, representing a 11% increase. First,
due to the structured nanofibers scaffold, a more uniform and smoother perovskite
layer with large grain sizes can be formed, which has excellent crystallinity and light
harvesting characteristics. In addition, the unreacted Pbl,, which provides the

recombination sites, is reduced. This leads to higher FF and better light harvesting.
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Second, the much higher Jic and Vo can be attributed to the improved charge
transport property by using graphene embedded in the TiO2 nanofibers scaffold for the
devices. The electron transport time for the device with TG nanofibers scaffold is
nearly half of that of the devices without the scaffold layer. The stability of the

devices with TG nanofibers scaffold has also been improved.

Fourth, we have demonstrated an ultrathin graphene nanofiber interlayer between the
perovskite and the dense layers can reduce the interfacial resistance and improve
charge transport property of the PSC. By controlling the centrifugation time of the
graphene precursor solution we can control the quality of the graphene nanofibers
which can affect the performance of the devices. The optimized PSC showed a higher

PCE of 18.62% when compared to the control device with only 17.7%.

7.2 Future Outlook

Different approaches have been studied individually to improve the performance of
the devices in different chapters. In future we need to study whether combine these
methods can further improve the performance for the devices. We think this can help
to improve the performance, but how this can affect the morphology of the perovskite

layer and the charge transport property need to be further studied.

In this thesis we used TiO2 as the ETL. As known, Tin dioxide (SnO3) is a promising
alternative to TiO2 due to its wider band gap, higher electron mobility (which is two
orders of magnitude higher than that of TiO2 [1]), and low conduction band efective
mass [2]. As discussed before, a major loss in PCE of PSCs is caused by a rapid
degradation in the performance of TiOz-based devices which is due to the exposure to
UV light [3]. SnO> has a wider band-gap which absorbs less UV light and is thus
more robust under sunlight than TiO; [4]. In future study, one can attempt to fabricate
SnO; nanofibers as the scaffold layer to see whether this can have a better
performance than use of TiO». Further, one can also try to embed graphene into the

scaffold layer to optimize the performance.
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Second, in the literature RGO, GO or CNT have been added into the HTL or as a
interlayer between the perovskite layer and HTL [5-7] to improve the hole extraction,
reduce the recombination rate of the device, and improve the stability of the device.
As we have discussed before, RGO, GO or CNT have lower conductivity and more
defects than pristine graphene. In the next step, one can also attempt to use graphene
nanofibers to combine into the HTL or as the interlayer. The results can be compared
with those obtained using RGO, GO or CNT to determine possible improvement in

the performance of the PSC.

As known, under excessive exposure lead can damage the nervous system and cause
brain disorder and even death. Therefore, it is essential to explore other nontoxic
metal to replace lead to fabricate lead-free or less-lead PSC. There are various works
that have shown promises in the lead-free PSCs [8-10]. In future study, one can try to
use similar approaches as mentioned before to improve crystals size by conditioning,
graphene NF introduced in perovskite layer and preformed porous structure of
scaffold in molding crystals of uniform size. This should improve light harvest
reducing unreacted inorganics. Additionally, graphene nanofibers or TiO2 nanofibers
embedded with graphene core can be used in new lead-free, or less-lead, perovskite to

improve charge transport.

In summary, there is still lots of room for improving the efficiency and stability for
the PSC. For future work, one can combine the techniques as developed in our study
in combination with more effective new techniques to optimize the PSC device

performance.
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