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Abstract

Graphitic carbon nitride is a 2-dimensional material analogous to graphite. It possesses a
layered structure consisting of triazine or heptazine motifs arranged in a hexagonal fashion.
Owing to its layered structure, bonded via weak Van der Waals forces, it can delaminate the
bulk material into graphene-like novel nanostructures (nanosheets and quantum dots). It
possesses promising material properties such as n-type semiconducting nature, strong
absorption in UV-visible region, high chemical stability, and tunable optoelectronic properties
making it a potential candidate for optoelectronic device applications. Herein, we have
demonstrated the facile synthesis strategy to synthesize g-CsN4 nanosheets (NS) and quantum
dots (QDs) by green route using water as the exfoliating agent and chemical acidification of
bulk material followed by hydrothermal treatment, respectively. The structural and optical
properties were investigated in detail to understand the structure-property relationship of
prepared low-dimensional materials. It was observed that the chemical structure was well
preserved even after exfoliation and acidification of bulk material into nanosheets and quantum
dots. The NS and QDs possess an ultra-thin nature as evidenced by AFM and HRTEM images
having thicknesses below 5 nm and 1.7 nm, respectively. These nanostructures possess
tunability in optical properties as observed from blue-shifted absorption and emission spectra.
Moreover, a reduction in urbach energy after exfoliation suggests a smaller probability of
photogenerated carrier recombination. These appealing properties pave the path for the
utilization of these nanostructures for photovoltaic applications either as an additive for the

active/interface layer or as a charge-selective interface layer.

The multi-functionality of the prepared quantum dots was explored as an additive for
poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C71-butyric acid methyl ester (P3HT:PC7:BM)
blend active layer. The QDs were prepared in an organic solvent (o-dichlorobenzene) to

maintain compatibility with the device fabrication process. The photovoltaic effect formation
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and various effects of g-CsNs QDs on energy transfer, carrier transport, and nanoscale
morphology were investigated in detail by incorporation as a third component into a well-
established material combination of P3HT:PC71.BM blend films. The emission spectra of g-
C3N4 QDs and absorption spectra of P3HT were found to have overlapping features that
enabled the QDs to transfer ultraviolet region photons to P3HT. The g-C3N4 QDs were found
to assist forster resonance energy transfer (FRET) between the QDs and host polymer,
improving the overall energy harvesting capability of the devices. Moreover, g-C3Ns QDs were
favorable in maintaining nanoscale phase segregation of the active layer with improved
crystallinity which is crucial for efficient exciton dissociation and faster charge extraction. The
incorporation of g-CaNs QDs, improved the device efficiency by almost 40% for optimal
concentration of QDs i.e., 2 Vol% compared to reference one. The improved device efficiency

is thus attributed to the combined consequences of improved morphology and the FRET effect.

The g-C3N4 NS and QDs were utilized as a secondary dopant to modulate the structural
and electronic properties of commonly used hole transport layer viz. PEDOT:PSS. The addition
of NS and QDs weakened the columbic interaction between the PEDOT and PSS leading to
the formation of an expanded coil-like structure. This resulted in the reorientation of the
PEDOT chain forming the interconnected charge transport pathways thereby, improving the
conductivity of modified films. When employed as a hole transport layer in polymer solar cells
they yielded the power conversion efficiency of 7.65% and 6.44% at an optimal concentration
of 50 Vol% and 60 Vol% for NS and QDs, respectively, compared to 5.45% for reference one.
This improvement in photovoltaic performance can be attributed to the increased short circuit
current density (Jsc), charge carrier mobility, fill factor (FF), and reduced series resistance (Rs).
However, the FF was higher for NS-based devices as they provide better continuous charge
hopping pathways compared to QDs. Moreover, the modification in the molecular structure of

PEDOT:PSS via NS and QDs resulted in improved device stability compared to reference one,
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retaining almost 40% of initial power conversion efficiency even after 200 min of continuous
illumination. These results demonstrate the systematic strategy for improving the conductivity
and mobility of HTL resulting in efficient extraction of charge carriers, enhanced device

performance, and stability.

The g-C3Na NS was utilized as a charge-selective interface layer in polymer solar cells
both for extraction of electrons and holes. The work function of ITO decreased from 4.94 eV
to 4.43 eV after coating with NS. However, with UV-ozone (UV-Ogz) treatment gradual
increase in work function was observed and for the optimal treatment duration (10 min), it
reaches 5.25 eV. This suggests that in its pristine form, i.e., untreated ITO/g-C3N4 NS, it can
extract electrons and therefore can be utilized as the cathode interface layer for inverted solar
cells while after UV-Og treatment it facilitates the extraction of holes and thereby can be used
as an anode interface layer in conventional device architecture. This has been demonstrated
with the active layer combination of PTB7-Th:PC7:BM. Similar short circuit current densities
(15.65 mA cm) and power conversion efficiencies (5.60% and 6.05%) were observed for both
inverted and conventional devices having g-CsN4 NS as the charge selective interface layer.
The UV-O3 treatment seems to modify the g-CsN4 NS thin film by inducing surface dipoles
due to the incorporation of oxygen atoms which is primarily responsible for their switching
behavior of work function as observed. This study demonstrates the dual functionality of g-
CsN4 NS as a charge-selective interface layer (CIL/AIL) for solution-processable polymer solar

cells.

The g-C3Ns possesses unique optoelectronic properties, however, its thin-film
characteristics were not well explored, therefore, limiting its utilization for semiconductor
device applications. Herein, we fabricated the thin film of 10 nm via thermal evaporation and
studied the effect of UV-Ogz treatment on structural, optical, electrical, and dielectric properties.
Systematic improvements in film characteristics were observed until 10 min treatment
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duration. However, a further increase in treatment duration resulted in a detrimental effect on
the thin-film properties. It was observed that the structure was well retained for the thin film
after thermal evaporation and UV-Oz treatment, as that of bulk g-CsNs. Moreover, the
thermally evaporated film exhibited a smooth surface with r.m.s roughness well below 1 nm
and the smoothness of the film further increased after treatment. The emission properties and
urbach energy analysis suggested reduced charge carrier recombination leading to better photo-
induced charge separation in thin film after UV-Ogz treatment. The treated thin film exhibited a

smaller leakage current resulting in a higher dielectric constant and smaller loss.

All the above results suggest that g-C3N4 nanostructures and thin film possess appealing
structural, optical, and electrical properties which can significantly improve the performance
of polymer solar cells. However, its several unique features pave the path towards utilization
in other semiconductor devices too, like perovskite solar cells, light emitting diodes,

photodetectors, wearable technology devices, energy storage devices etc.
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IR
Ut BT AICISS IBIE & S Udb 2-ATATH! THRR ¢ | S9H U R g
it & Ford U SmTHa R § Fafyd grefor a1 2erfor Suid! o fddm a a1
8| HHGR de a1ed el & Hegd ¥ §Y 3YH! WA Wa1 & HRU, Tg Uich Il Bl
TP O U FRERR (AARed iR &icH i) H dcd Idhdl ! 39H TH-agy
i sfadt UHpia, got-exg &3 § Aolgd SRy, 3= IS RRT 3R o &
g SHigsdagi-d U oY SMRIeHS Hifdd 07 &, S 39 Siisade e fSarsd
SV & foTE Ueh YT STGAR &1 § | S9H 8H g-CsNa AHIRITEH (NS) 3R HicH
Sicq (QDs) & gRd ANl A YAfid B & oIy IRt Ferwur urifal b1 yawiH fpar 8,
forgd AR UM B THmIfRieT Teie & ¥U § IuANT fhar ST § SR giRsiuHa
SUAR & §1G Uid W H1 RS Sefienur foran S 81 R - st
B IREI-HUT Fey BT FHIH b oY IRaTED SR i Uil i fIdR 4 Sid 1
TS | T8 @1 T o AIRITCH SIR SicH Sicy & i AT & Tawh TTuRT 3iR Scidm ol
& 91 off TS AAT st kg ¥ WA o NS SR QDs B T Sfegl-uda UHid
Il 8, o fb AFM 3R HRTEM Bl §RTHHRT: 5 nm 3R 1.7 nm ¥ HH HICT il &
3 HRG R H SiTPee ol # Sfaferdt gl § il fob & RIS Sfa<iyur $fR Iesiv
I I AT AT 8| 3P AT, TRIBITAURH & d1G I8P Holl § HH! BIeroRes

dTE TIGISI b1 T It GHTAHT PTG el €1 T MY 01 BIcHaliecep S
& o 39 A IRe IR & IuANT & fore Ol verd vd & a1t Iftha/Zexthy IRd & fiu Ue

I & U T T 1ol JITHD Sehy WRd & 7 H|

JOR HicH Slcy B Jg-HAeHal 1 Uia (3-3fRARABI -2,5-318):[6,6]-
flrga-1-71-gfeRp TRTS MUEd TWex (P3HT:PC,BM) %0 Gfthd IRa & forw U
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T o =0 & W@iol 77 o7 | fearsy fafor ufdsar & a1y Ieradr S8 38+ & il QDs
D! BEAD fIa®s (3N-SEFaRISs) H TR faar 77 47| Wieidifees THd M6 3R
ol BRATARUT, ATIgdh URAEH 3R HRbd ST [aH TR g-C3Na QDs o fafid TuTal ot
P3HT:PC7:BM TaHU fihedl & Uep 3t ae @ RITUd It Yo | iR U & &4
T e PR faRdR T S &1 118 Bt g-CsNa QDs & Ioi- WaeT 3R P3HT & SIIUT
Waer ¥ sifaaardt fAATang urg 718 St QDs ! WRISTH & Wil & P3HT H RIFaRd
HRA T e T §1 g-CsNy QDs BT QDs 3R R UTeliTR & & TR G Holl
TWIARUT (FRET) &I el = & g urm 741, fSd IuHRl &t Y Soll Faa
& & GUR §31T| SHP ST, g-CaNs QDs IEAR Whiedhdl o WIY Hohd TR & AHIRb A
TRUT S{ERTT Pl ST @ H 3 U off YA THRICHAS Jyahul 3R doit J 1ol
fsmyor & forg Ayl §1 g-CaNs QDs & THIART 5 QDs &1 Z¥aH igal & forw fSargy
G&fdT T TTHT 40% T FUR b, It Fed &1 qaT 5 2 Vol% | 59 TSR dgaR IR0
S&fdT ) SR MTpTa faFH 3R FRET UHTd & Tgard UiRomHT & forg foriieR s&=mar ST
gl

g-CsNs NS 3R QDs BT IUTNT AR TR IUTNT fobT 1A a7t gt ulRag= IR viz.
PEDOT:PSS & WRAIH® 3R IAaei-d 70N P YMAT B & forg feetas Site &
U H far a1 YTl NS 3R QDs & WA & PEDOT 3R PSS & o1 dIdfted Seyae
FHASIR B 74T, R U fawaiiRd digat St TRaT o1 fFHior gl 39 uRumiRaey
PEDOT #@dT &1 YAfG-U g3, foras TRemR a1t ulag ArT &1 fHHfor gom, o
TN fihed! & Araddl § YUR §3HTI OIF UIAR iRk 9d H gid IRdgd IRd & © g |
Fofoa f5a o1 IR IR NS 3R QDs & T SHE: 50 Vol% 3R 60 Vol% Pt 3FaH

HigdT UR 7.65% 31X 6.44% b1 fooTelt IUTARUT G&IdT UTtd 1, Siafe deH & folt I8 5.45%
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Y| Wicidifecd UaRH # 39 YR P Tic Aidhe HIe gd (Jo), TTo! argdh TMraiadl, fihad
Haex (FF), 3R HH a1 UfRIY (R,) & oW STHGR Sex/ off 9T §| gTaifd, NS-
3YTRT JUBRUIN & 1T FF 31T o1 Fifds I QDs 1 ga-T & dgar MR drf gIfuT AR
UaM $d 8| 3P AT, NS 3R QDs & HIeAH ¥ PEDOT:PSS FI UIfA% T=HT |
TR & uRUMRGEY ey @1 go | fearsy RRar § guR gaf1, 200 e &1 FRaR
A2 & d1q H IR fSsTell FUIRU G&dT BT TTHT 40% T SRAR 71 T TRUTH
HTL &t Iaddt 3R Tfaxfiadr # uR & e af®id orifa &1 Uexi= #d € o
IRUTAGR=Y Tof aT8e &1 HRIA Fpyur, fSarsy uexi 3R fRRdar s¢t 31

g-CsNs NS &1 SUIRT SACI 3R Bl & YT & forg UraiiR TieR Id | drol-
FIATHD ST URd & U H {11 AT | NS BT DI & 916 TS I13N BT -l
4.94 eV ¥ UTHR 4.43 eV Bl TT| Tdlifch, JaT-3felH (UV-05) STIR & 1Y HE-Tha d
HHP gla oW Ts 3R STAH TR a1 (10 min) & 1T, TG 5.25 eV I U O &
| T UdT I | P 3= U= U H, a1 Sgamid 1T0/g-CsNa NS, T8 Saagi-i ol
fAPTe GhaT 3 3IR YUY SHACS IR TR A b [T HUlS X%y WRd & &4
JUINT {41 ST Yl &, STEid UV-0; ITAR & S I8 Bid & (pyUl St giaeT uaH

HIAT T 3R ST ORE STB] SUINT H-a¥Md [Sarsy HfhedR & TS Se3hd IRd & =4
o {501 &1 IhdT 8| I8 PTB7-Th:PC,1BM & Ffthd TRd T & 1Y UefRid fear mar g|

T Yaifded ST AR & =9 H g-C3N,4 NS TTdl 37d¢ s 3R H-avAd ¢! feagy &

fore w2 Tfhe ®e T9@ (15.65 mA cm?) 3R TTaR FUIdUT &HdT (5.60% 3R
6.05%) S TE §1 UV-0; SRR 3TRfS WA & FAAY & HRUT Iag fgydia ol
T BB g-CaNa NS Tdal TR ! TN T § off T U § HT-Tad & 3D
fRafeiT FagR & for iR 1 I8 Siera SHIYMH-Sfd TR Sier 99 & fog
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TS -TITHD 3B TR (CIL/AIL) & FUH g-CsNg NS BI Grgibraiedhdl B UeRid

CGIE]

g-CsN, # 3ifgdlia sifpizaaci-e 10T €, §Taiics, 39! Udell-URd o faRyarsii &1
3B A8 ¥ WieT el AT YT, 3T, 3fefarads IUSUT ST & forg ST SUTNT
Hifd T8 1 31 B, g YHS IRl & HIEIH ¥ 10 nm I Udalt TRd 918 3R

IR, 3PP, [aggd iR WRIdggd oI TR UV-0; SUAR & THTE HT 3T far|
fOred faRivarsii # afyd gUR 10 e &t IU=R 3afY 96 <1 741 UT| gTdifer, SUAR
DI 3afy & 3R gfg & IRUMRGRTY Udeh-uRd & TUIf R NGRS THIE TST| T8 <l
T fob e ariehRur 3R UV-0; SUER & §1E Udell TRd & oIt TR &1 381 R 9
THIR W1 7T T, T fb N g-CN, B 8 | ST S(dTaT, YHd TU A IMAT WA H 1 nm

T r.m.s GREXUA & T U WY g BT YeRH BT 3R IUAR & a1 thed &1
WY 3R ¢ T3 | IToi TN 3R IRAP S0l faLewur 3 &4 dTof aigdh GAgare bl
g11a &, ford UV-0; JUIR & &1 Udell Rd H 9gaR hIel-URd dTel JUdhRul gai|
IR Ude URd 3 U HH Hic & 19 o1 U fobar forgeds uRumasy te 3=

RIdGYd fRRI®H 3R Biel ToHuH g3

IWigd Tt aRom gd1d € & g-CsNy FFReRR 3R Tdell R | HTHYSD
IR, H 3R fAggd U gd § ot ufeh R TieR Aa & UG T HIht GUR B
qHhd g | gelifr, 3TB! s S FARATATY 37 Sfefaraids ISuHRoN § Hft Suae o1 fa=m &
AT UeRd Rl &, I WRiawpige ier Od, U Il SIS, hieligcdey, f[amed
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xi|Page



Table of Contents

CER T IFIC AT E e e e e e nnees i
ACKNOWIEAGMENTS ... e e re e teeteenaesreeneeenes ii
ADSTFACT. ...t bttt b e bbb \Y
TIRTRL. ....coocvoeecece ettt st s e bbb bt s st s e a s s s s bbbttt n e s bbb b st neas viii
Table OF CONTENTS ..ottt Xii
(I TS o) 1o [N TSRS XVil
LISE OF TADIES ...ttt XXV
Abbreviations and SYMDOIS ..o XXV
Chapter 1: INTrOQUCTION ......oouiiiiiiiiiieee bbbttt 2
1.1 BACKGIOUNT ...ttt bbbttt bbbt 2
1.2 Sun Energy and SOIAr SPECIIUM .........ooiiiiiiiiieieiee e 4
1.3 Solar Cell TEChNOIOGIES ........ecviieeeeee e 7
1.4 OrganiC PROLOVOITAIC ........ccveiiiiiiecie ettt s sta e s 10

1.4. 2 WOrKING PriNCIPIE ....ooueieiie ettt e 11

1.4.2 DEVICE ATCRITECTUIE ......iiiiiieieee bbb 14
1.5 S0lar Cell CharaCteriStiCS. ... ..cviieiirierieiie sttt 17
1.6 Introduction to Graphitic carbon nitride (g-CaNa) .......cccooviiiiiiiiiicieeee 20

1.6.2 Properties of graphitic carbon NItrde ..........cccveviiiiieiiccc e 27

1.6.3 Graphitic carbon nitride for optoelectronic applications ............cccccvvvereeieninseenienne 31

xii|Page



@ o =0t )-SR 33
1.8 THeSiS OrganiZatiON ..........eccueiieieeie et e et raeste et esneesreeeeenes 34
RETEIBINCES ... .ottt ettt r et e et e e st e sb e e beer e e be e been e e nneenreeneeanes 36

Chapter 2: Structural and optical properties of graphene like carbon nitride into

Nanosheets and QUANTUM OTS..........ooiiiiiiii e 62
2.1 INEFOUUCTION ...ttt bbbttt bbbt 62
2.2 EXPErimental SECHION ......ccvcviiieie et neenne e 64
2.2 1 MAEETTALS ... 64
2.2.2 Synthesis of graphitic carbon nitride (g-C3aNa) .......ccocoreiiiiiiiiieiceeeee 64
2.2.3 Synthesis 0f g-C3Na NANOSNEETS.........ciiiieiiieie e 64
2.2.4 Synthesis of g-C3Ns QUANTUM DOTS........ccueiiiiiiiiiiesieeeeee e 64
2.3 Material CharaCteriZation............ccciiiiiiiisie e 65
2.4 RESUILS AN DISCUSSION .....viuiiitiiieiiitei ettt et 65
2.5 CONCIUSION ...ttt bbb bbb et nb e ene 74
RETEIENCES ... bbbttt bbbttt 76

Chapter 3: Graphitic carbon nitride quantum dots (g-CsN4 QDs) to improve photovoltaic

performance of polymer solar cell by combining férster resonance energy transfer

(FRET) and morphological effECtS ... 84
S L INETOUUCTION ...ttt bbbttt b bbbt 84
3.2 EXPerimental SECHION ........cciiiii et anae s 86
B2 L IMALETTAIS ... 86
3.2.2 Synthesis of graphitic carbon nitride quantum dots (g-C3N4 QDS) ......cccevveveeriernnne. 86

xiii|[Page



3.3 DEVICE FADFICAION ...ttt et e e e e e e e e ettt e e e e e ee e e e eeeeeeeans 86

3.4 Material CharaCteriZatioN............cceviriireiiiirieiei e 87
3.5 RESUILS ANT DISCUSSION ....cuviiiiiiiieiieiesie sttt bbbt bbb 88
3.5.1 Characterization 0f g-CaNa QDS........cccouiiiiiiiiieiiie e 88
3.5.2 Effect of QDs on the morphology of P3HT: PC7:BM blend active layer .................. 91
3.5.3 Effect of QDs on optical properties of the film ..., 93
3.5.4 Photovoltaic Performance 0f deVICES..........cciiiiiiiiiiieiie e 96
3.8 CONCIUSION ...ttt bbbt eb et 100
RETEIENCES ...ttt bbbttt bbbt 101

Chapter 4: Graphitic carbon nitride nanostructures as molecular modifier for

PEDOT:PSS hole transport layer in polymer solar cells ............cccoeiiininiiiicee, 111
O I oo [FTox o] PSS SRR 111
4.2 EXPErimental SECHION .......ccviiiiiice et sre e 113
A2 1 IMAEEITAIS ..ottt 113
4.2.2 Synthesis of graphitic carbon nitride (g-C3N4) and its nanostructures ..................... 113
4.2.3 Preparation of Hole transport 1ayers (HTLS) ....cccooeiiiiiiiiiieiee e 114
4.3 DEVICE FADIICALION ......eeiiieiicic ettt e e e e neennes 114
4.4 Measurement and CharaCterization.............ccoveeuereriierie e e 114
4.5 ReSUILS aNd DISCUSSION .......oiviiiieiiiiiie ittt sttt sttt nre e enes 115
4.5.1 Characterization of g-C3Ng NANOSTIUCLUIES .........eeiiirieiieiisie e 115
4.5.2 Photovoltaic characteristics with different HTLS ........cccooveveiiieve e 116

xiv|Page



4.5.3 Opto-electronic and structural properties of the nanostructure modified PEDOT:PSS

L PSSP SR UT P PR PRPTPOORPRPPRPROR 123
4.5.4 Mobility measurement and charge carrier dynamicCsS .........cccccevvvereriiesieenesieeseeneeenns 128
4.6 CONCIUSTON ...ttt bbbttt b bbbt 130
RETEIENCES ...ttt bbbttt 131

Chapter 5: Dual functional graphitic carbon nitride nanosheets as charge selective

cathode/anode interface layer for polymer solar cells...........cccooooiiiiiiniiicee 139
5.1 INEOAUCTION ...ttt bbbt et 139
5.2 EXPErimental SECHION ......cc.ocviiieie ettt re e be e nreas 140
5. 2.1 MALETTAIS ...ttt 140
5.2.2 Synthesis of graphitic carbon nitride NANOSNEELS.........ccccevvvvieiieiesieseee e 140
5.3 DEVICE FADIICALION ...ttt 141
5.4 Measurement and CharaCterization............cc.eovierereinineee e 141
5.5 RESUILS aN0 DISCUSSION .....veuiiiiiiieiisieieiesiese ettt 142
5.5.1 Structural and optical properties of g-CaNa NS .........cccoiiiiiiiiiineseee 142
5.5.2 Work function measurement of g-CaNa NS thin film ... 143
5.5.3 PhotoVvOItaiC CharaCteriStiCs .........coiviiiieieieiesie e 146
5.5.3. 1 INVEIEA TBVICE......cuiiiiieieeite et 147
5.5.3.2 ConVENLIONAl HBVICE.......cvoiiiiiiiiiiieieeee e 149
5.6 CONCIUSION ...ttt bbbt 153
RETEIENCES ...t b bbbt 154

xv|Page



Chapter 6: The effect of UV-ozone treatment on structural, optical, and dielectric

properties of thermally evaporated graphitic carbon nitride thin film......................... 159
6.1 INEFOAUCTION ...ttt 159
6.2 EXPEITMENTAl SECTION .....cuiiiiiiiciee et 160
B.2.1 MALETTAIS ...t 160
6.2.2 Synthesis of bulk graphitic carbon NItride ... 160
6.2.3 Preparation of g-C3aNa thin film ..o 160
6.2.4 Deposition of Aluminium (Al) electrode..........ccoveveiieieiii i 161
6.3 Measurement and CharaCterization............cc.coveirerieinineee e 161
6.4 RESUILS AN DISCUSSION .....cuviiiiiitiiieite sttt b et 161
6.4.1 Structural properties of g-CaNa thin film ... 161
6.4.2 Optoelectronic characteristics of g-CaNa thin film ... 163
6.4.3 Electrical and Dielectric properties of g-CaNa thin film..........ccocoeiiiiiiinen 167
8.5 CONCIUSION ...t bbbt 170
RETEIENCES ...t bbb bbb bbbt 171
Chapter 7: Conclusions and FULUIE SCOPE ........cuuiiieriirierieiiseeieeeee e 177
7.1 SUMIMAIY ..ttt btk bt bttt h b e e bt et e be e bt esn e be e b e e e nne s 177
7.2 FULUIE SCOPE ...vvieeiiie ettt ettt ettt et e et e et e e e st e e s st e e sa b e e e s nb e e e e st e e e bbeeebeeeesbeeansneeansneeas 178
APPENTIX A ettt et e e a et e e et et e b e e b e e nre et e e breereenaaeaaeearaes 180
APPENAIX B oot a e ae e e 184
LIST OF PUBLICATIONS ...ttt ettt 188
ADOUL thE AUTNOK ... 192



List of Figures

Chapter 1

Fig. 1.1 Worldwide per capita energy consumption in 2021 (Image Source:
OUrWOrldINAAta.OrG/EBNEIGY) ..eoueeieeeiieiesieesie ettt sttt st e st reesreesbesneesreenbeaneenreas 3
Fig. 1.2 Spectral distribution of sunlight reaching the outside the earth’s atmosphere, the blue
curve shows the extra-terrestrial radiation and red one depicts the black body radiation
modelled using plank’s law. (Image credit: https://eclipse2017.nasa.gov/what-color-sun)......4
Fig. 1.3 Interaction of sun radiation with the earth’s atmosphere .............ccooeevvvviereinineiennn, 5
Fig. 1.4 Definition of different Air Mass (AM) conditions (Image source:
https://www.laserfocusworld.com/lasers-sources/article/16566681/photovoltaics-measuring-
L0 TR U ) ST TS 6
Fig. 1.5 The chart for best power conversion efficiency, measured under standard testing
conditions, for various photovoltaic technologies, maintained by National Renewable Energy
Laboratory (NREL). (This plot is courtesy of the NREL, Golden, CO.) ........cccceveviiieirenene 8
Fig. 1.6 Working mechanism of Organic Solar cells (a) light absorption and exciton generation,
(b) exciton diffusion, (c) exciton dissociation, (d) charge transport, (e) charge collection. ...13
Fig. 1.7 (a) Schematic illustration of single layer OPV device, (b) corresponding energy band
o[- o U OSSR 15
Fig. 1.8 (a) Schematic illustration of bi-layer OPV device, (b) corresponding energy band
o[ F= o] = 4 PRSPPSO PUPRUPRRS 15
Fig. 1.9 Schematic illustration of (a) bulk heterojunction, (b) ordered heterojunction based
OPV device, (c) corresponding energy band diagram. ..........cccccveviiiiiiiieiiic e 16
Fig. 1.10 (a) Current Density vs voltage (J-V) characteristic of the solar cell, (b) equivalent

circuit for modelling the J-V CharaCteristiC. ..........ccveiiiiiii i 18

xvii|Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951868
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951868
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951869
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951869
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951869
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951870
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951871
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951871
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951871
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951872
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951872
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951872
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951873
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951873
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951874
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951874
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951875
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951875
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951876
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951876
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951877
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951877

Fig. 1.11 J-V characteristics of solar cell depicting the effect of parasitic resistances (Rs and
Rsh) ON il faCtor Of AEVICE. ....oviiiiicicece e 19
Fig. 1.12 Various types of g-CsN4 depending on micro/nano structures and morphologies...22
Fig. 1.13 structural models of graphitic carbon nitride based on (1) triazine (Il) tri-s-triazine
motifs, and (111) model proposed by Lotsch et al. [192]. .......ccoooveiiiiiiieecec e 28

Chapter 2

Fig. 2.1 Schematic illustration of the synthesis of bulk g-CsNas, g-CsN4 nanosheets, and
QUANTUM TOTS. ...ttt et b bbbttt e et e bbbt e e 66
Fig. 2.2 (a) XRD pattern of bulk g-C3N4, g-C3N4 nanosheets, and quantum dots, (b) schematic
illustration of (100) and (002) PIANES.........ccueiiiieeiecee e 67
Fig. 2.3 FTIR spectra of bulk g-C3Na4, g-C3N4 nanosheets, and quantum dots. ..................... 68
Fig. 2.4 HRTEM images of (a) bulk g-CsNa, (b) g-CaN4 nanosheets, (c) quantum dots and (d)
particle size distribution of QDs with Gaussian fit..............cccoveiieiiiiciccecee e 69
Fig. 2.5 AFM images with a corresponding height profile of bulk g-C3N4 (a, d), g-CsNa
nanosheets (b, €), and quantum dots (C, T). ....coeeieiiiie 70
Fig. 2.6 (a) UV-vis absorption spectra with tauc plot in the inset (b) urbach energy plot of bulk
g-C3aN4, g-C3Ns nanosheets, and quantum dOtS. ........ccevverereieniiiieseeee e, 71
Fig. 2.7 (a) Photoluminescence (PL) spectra of bulk g-C3N4, g-C3N4 nanosheets, and quantum
dots, (b) UV-vis absorption and PL spectra of bulk g-CsN4 and quantum dots (stokes shift).
The inset of (b) shows the digital image of an aqueous solution of QDs under UV light, UV-
vis, and PL spectra of g-CaNa NAN0OSNEELS. .......cc.oiiiiiiiie e 72
Fig. 2.8 Schematic illustration of energy level diagram for PL emission from the g-C3Na....73

Chapter 3

Fig. 3.1 X-Ray Diffraction pattern of bulk g-CaNs and g-CaN4 QDS..........ccccervrvriiinniniienn. 88

xviii |[Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951878
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951878
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951879
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951880
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951880
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933632
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933632
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933633
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933633
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933634
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933635
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933635
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933636
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933636
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933637
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933637
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933638
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933638
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933638
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933638
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131933639
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951932

Fig. 3.2 HRTEM images (a) bulk g-C3sNa, (b) g-CsN4 QDs, (¢) HRTEM Fringes of g-C3N4
QDs, and (d) Particle size distribution of g-C3aN4 QDs with Gaussian fit. ..........ccccccvvrenne. 89
Fig. 3.3 FTIR spectra of bulk g-C3Nz and g-CaN4 QDS. ........cccovriiiiiiiiiieisieeesc e 90
Fig. 3.4 (a) X-Ray Diffraction pattern for P3HT:PC7:BM film for different concentrations of
g-CaN4 QDs, (b) crystallite size variation with QDS CONCENEration. ...........cccevvrererereeeennnn, 91
Fig. 3.5 AFM images (a) P3HT:PC71BM, (b-e) 2 Vol%, 4 Vol%, 6 Vol%, and 8 VVol% of g-
C3N4 QDs concentration and (f) roughness estimation............ccocovvineinienene e, 92
Fig. 3.6 (a) Optical characteristics of g-C3sNs QDs, P3HT, (b) photoluminescence spectra of
P3HT and their mixture with different concentrations of g-CaNz QDS. ........ccccccvevviieivenenne. 93
Fig. 3.7 (a) UV-vis absorption spectra of P3HT:PC7:.BM with different concentrations of g-
C3N4 QDs, (b) frenkel exciton bandwidth versus g-CsN4 QDs concentration. ............cc.e..... 94
Fig. 3.8 Photoluminescence spectra of P3HT and P3HT:PC71BM with different concentrations
OF G-C3N4 QDS. ..ttt bttt bbb e ne e 96
Fig. 3.9 (a) Current density vs voltage (J-V) characteristic of P3HT:PC7:BM with different
concentrations of g-CsN4 QDs, (b) Photovoltaic parameter variations. ............c.ccocevveveeennen. 97
Fig. 3.10 Dark J-V characteristic of P3HT:PC7:BM with different concentrations of g-CaNa
0] 0 TSRO 98
Fig. 3.11 Current density vs voltage (J-V) curve of (a) electron-only device, (b) hole-only

device, (c) mobility variation of P3HT:PC71.BM with different concentrations of g-CsN4 QDs.

Chapter 4

Fig. 4.1 (a) Absorbance (b) FTIR spectra of bulk g-C3Na4, g-C3N4 nanosheets, and quantum
dots, HRTEM images of (c) g-CsN4 nanosheets and (d) quantum dots with particle size

AISTHIBULION 1N T8 INSEL.....ccoeeeeeeeeeeee 116

xix|Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951933
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951933
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951934
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951935
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951935
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951936
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951936
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951937
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951937
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951938
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951938
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951939
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951939
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951940
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951940
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951941
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951941
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951942
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951942
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951942
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951952
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951952
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951952

Fig. 4.2 (a) Molecular structures of PEDOT, PSS, g-CsNs, PTB7-Th, PC7:.BM and (b)
schematic device architecture of polymer solar Cell. ..o 117
Fig. 4.3 UV-vis transmittance spectra of (a) NS and (b) QDs modified PEDOT:PSS HTLs with
dIfferent CONCENTIALIONS. ........coveiriiieee e 117
Fig. 4.4 Current density vs voltage (J-V) characteristics of PTB7-Th:PC71:BM with different
concentrations of (a) NS and (b) QDs modified PEDOT:PSS HTL. .....ccccovevviieciece e, 118
Fig. 4.5 (a) Current density vs voltage (J-V) characteristics and (b) external quantum efficiency
with integrated Jsc of PTB7-Th:PC7:BM devices with different HTLS. .........ccocoevniiininnenn, 120
Fig. 4.6 (a) Current density vs voltage (J-V) characteristics under dark and (b) photocurrent
versus effective voltage characteristics of PTB7-Th:PC7:BM devices with different HTLs.121
Fig. 4.7 Evolution of power conversion efficiency normalized to their initial values (att =0
min) under continuous HHTUMINALION. ...........ccoiiiii e 122
Fig. 4.8 (a) Schematic illustration for conductivity measurement and (b) I-V characteristics of
pristine and NS/QDs modified PEDOT:PSS thin film. ........ccccocooiiiiii e 124
Fig. 4.9 (a) Raman spectra for pristine and NS/QDs modified thin films and (b) schematic
illustration of conformational structure of PEDOT:PSS. ... 126
Fig. 4.10 AFM image for different HTLs (a) pristine PEDOT:PSS, (b) NS, and (c) QDs
MOIfIEd PEDOTIPSS. ...ttt sttt 127
Fig. 4.11 AFM image for PTB7-Th:PC7:BM active layer on different HTLs (@) pristine
PEDOT:PSS, (b) NS, and (c) QDs modified PEDOT:PSS. .....c.vveirerereeeresereserereresereseeee 127
Fig. 4.12 Photoluminescence spectra of PTB7-Th and PTB7-Th:PC7:BM active layer on
AIFFEIENT HT L. .ottt 128
Fig. 4.13 (a) Current density vs voltage (J-V) characteristics for hole-only device and (b)
Nyquist plot of PTB7-Th:PC7:BM with different HTLs. The inset of (b) shows the equivalent

circuit used for fitting the CUNVES. ........covi i s 129

xx|Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951953
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951953
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951954
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951954
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951955
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951955
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951956
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951956
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951957
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951957
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951958
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951958
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951959
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951959
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951960
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951960
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951961
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951961
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951962
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951962
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951963
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951963
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951964
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951964
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951964

Chapter 5

Fig. 5.1 (a) UV-vis absorbance, and (b) FTIR spectra of bulk g-C3N4 and its nanosheets...142
Fig. 5.2 HRTEM and AFM images of (a, c) bulk g-CsN4 and (b, d) g-CsN4 nanosheets. The
inset of Fig. (c, d) shows the estimation of the number of layers...........ccccocviiiiiienenn, 143
Fig. 5.3 Surface potential images with and w/o UV-Ogz treatment measured from kelvin probe
force microscope with estimated Vepp VAIUES. .......cooviiiiiiiiiiiecce e 144
Fig. 5.4 Schematic illustration of inducing oxygen atoms on the surface of g-C3zN4 nanosheets
thin film due t0 UV-O3 treatMent. ..........cccoiiiiiiiiiiee e 145
Fig. 5.5 FTIR spectra of g-C3N4 nanosheets thin film with and w/o UV-Os treatment. ....... 145
Fig. 5.6 UV-vis transmittance spectra of ITO and ITO/NS with and w/o UV-Og3 treatment.146
Fig. 5.7 Schematic illustration of (a) device configuration utilizing g-CsN4 NS thin film as CIL,
and (b) energy level diagram of inverted polymer solar cell...........ccoovvrviiieiiiie i, 147
Fig. 5.8 (a) Current density vs voltage (J-V) characteristics, (b) external quantum efficiency,
(c) dark J-V characteristics, and (d) photocurrent (Jpn) Vs effective voltage characteristics of
inverted device with and w/o g-CsN4 NS thin film as cathode interface layer...................... 148
Fig. 5.9 Schematic illustration of (a) device configuration utilizing g-C3N4 NS thin film as AIL,
and (b) energy level diagram of conventional polymer solar cell. .............cccoooveeieivcnenn, 150
Fig. 5.10 (a) Current density vs voltage (J-V) characteristics of conventional device w/o and
with UV-Os treated g-C3N4 NS thin film as anode interface layer, (b) photovoltaic parameter
(22 LT LA 0] TSRS 151
Fig. 5.11 (a) Current density vs voltage (J-V) characteristics, (b) external quantum efficiency,
(c) dark J-V characteristics, and (d) photocurrent (Jon) Vs effective voltage characteristics of

the conventional device with and w/o UV-O3 treated g-C3N4 NS thin film as an anode interface

xxi|Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951974
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951975
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951975
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951976
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951976
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951977
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951977
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951978
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951979
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951980
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951980
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951981
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951981
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951981
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951982
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951982
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951983
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951983
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951983
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951984
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951984
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951984
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951984

Chapter 6

Fig. 6.1 FTIR spectra of g-C3Nj4 thin film with and w/o UV-O3 treatment for the different time
(01U =LA o] TSP URTRT 162
Fig. 6.2 AFM images of g-CsNa thin film (a) w/o UV-Os3 treatment, (b) 1 min, (c) 5 min, (d)
10 min, (e) 15 min, (f) 20 min of UV-Os3 treatment duration, (g) roughness variation with UV-
O3 trEALMENT TIME. ..ottt et bbbt n e 163
Fig. 6.3 (a) UV-vis Absorbance spectra, inset shows the tauc plot, and (b) urbach energy plot
of g-CsNg thin film with and w/o UV-03 treatment. ...........coovvieieieieieiencsesescseeeeeee 164
Fig. 6.4 Steady-state photoluminescence spectra of g-CsN4 thin film for different time duration
of UV-Og treatment at an excitation wavelength of 350 NM. ..., 165
Fig. 6.5 Schematic illustration of electronic band transition for PL emission of g-CaN4 thin
1 0SSR 166
Fig. 6.6 Time-resolved photoluminescence spectra of g-CsNa4 thin film with and w/o UV-O3
treatment at a fixed emission wavelength of 425 NM. ... 167
Fig. 6.7 (a) Dark J-V characteristic and (b) corresponding double log-scale plot of g-C3N4 thin
film for the different time duration of UV-O3 treatment. ..........ccoovviiiiine i 168
Fig. 6.8 (a) Dielectric constant and (b) dielectric loss of g-CsNa4 thin film with and w/o UV-O3

[T L] L TR 169

Appendix A

Fig. A.1 Spectral overlap of emission spectra of g-CaN4 QDs and absorption spectra of P3HT.

xxii|Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951996
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951996
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951997
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951997
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951997
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951998
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951998
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951999
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131951999
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952000
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952000
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952001
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952001
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952002
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952002
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952003
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952003
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952063
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952063
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952064
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952064

Fig. A.3 Plot of area under PL curve vs. absorbance of g-CsN4 QDs at different concentrations.

Fig. A.4 Schematic of the energy band diagram of materials used in polymer solar cell. ....182

Appendix B

Fig. B.1 Cyclic voltammetry (C-V) curve of (a) pristine, (b) NS, (c) QDs modified
PEDOT:PSS film coated over ITO, (d) peak oxidation current of different HTLs obtained from
CV CUIVE. et h ekt b et h bt et b e bt be et n b e e n e e b 184
Fig. B.2 Raman spectra of pristine, NS/QDs modified PEDOT:PSS thin film.................... 185
Fig. B.3 Current density vs voltage (J-V) characteristics of PTB7-Th:PC7:.BM electron-only

JOVIC . e 186

xxiii|[Page


file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952065
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952065
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952066
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952078
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952078
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952078
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952079
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952080
file:///C:/Users/Saurabh%20Pareek/Desktop/Thesis_Saurabh%20Pareek%20(2017ESZ8211)_final.docx%23_Toc131952080

List of Tables

Table 1.1 Solar irradiance at different AIF IMASS ......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 7

Table 3.1 Photovoltaic parameters of the devices with different concentrations of g-CsN4 QDs

Table 4.1 Photovoltaic parameters of PTB7-Th:PC7:BM devices with different concentrations
Of NS MOdified PEDOT:PSS HTL ..cvoiiiiiiece ettt 118
Table 4.2 Photovoltaic parameters of PTB7-Th:PC7:BM devices with different concentrations
of QDs Modified PEDOT:PSS HTL ..ottt 119

Table 5.1 Photovoltaic performance of PTB7-Th:PC7:BM device with and w/o anode interface

................................................................................................................................................ 181
Table A2 FRET calculation from PHOTOCHEMCAD SOftware..........cccoeeeeeeeeeeeeeeieeennn. 182
Table B1 Charge carrier mobility of PTB7-Th:PC7:BM deViCeS .........cccecevviviiiienieienn 186

xxXiv|Page



Abbreviations and Symbols

A Acceptor

a-Si Amorphous Silicon

AFM Atomic Force Microscopy
Ag Silver

Al Aluminum

AM Air Mass

CdTe Cadmium Telluride

CdS Cadmium Sulphide

CIGS Copper Indium Gallium Selenide
CNT Carbon Nanotube

D Donor

DI Deionized

DMF Dimethyl formamide

DSSC Dye Sensitized Solar cell
ETL Electron Transport Layer

FF Fill Factor

FTIR Fourier Transform Infrared
9-C3Ny Graphitic Carbon Nitride
GaAs Gallium Arsenide

HOMO Highest Occupied Molecular Orbit
HTL Hole Transport Layer

IEA International Energy Agency
IPA Iso-Propyl Alcohol
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IPCC
kWh
LUMO
LiF
MTJ
MPP
NS
NREL
OPV
0SC
P3HT
PC71BM
PCE
PHJ
PL
PSC
PTFE
PV
QDs
r.m.s.
SAED
SEM
SCLC
Si

TCO

Intergovernmental Panel on Climate Change
kilo watt-hours

Lowest Unoccupied Molecular Orbital
Lithium Fluoride

Metric Tonne Joule

Maximum Power Point

Nanosheets

National Renewable Energy Laboratory
Organic Photovoltaic

Organic Solar cell
Poly(3-hexylthiophene)
[6,6]-Phenyl-C71-butyric acid methyl ester
Power Conversion Efficiency

Planar heterojunction
Photoluminescence

Perovskite solar cell
Polytetrafluoroethylene

Photovoltaic

Quantum dots

Root-mean-square

Selected Area Electron Diffraction
Scanning Electron Microscopy

Space Charge Limited Current

Silicon

Transparent Conducting Oxide
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XRD

ks

€0

eV
ml
pm
mA
meV
mg
Nm
Vi

Jmax

Vmax

VOC
Z )

Z”

X-Ray Diffraction

Charge of electron
Capacitance

Boltzmann constant

Free space permittivity
Relative dielectric constant
Mobility

Efficiency

Electron volt

Millilitre
Micrometer
Milliampere

Milli electron volt
Milligram

Nanometer

Built-in-voltage

Current density at MPP
Voltage at MPP

Short circuit current density
Open circuit voltage

Real impedance (resistance)
Imaginary impedance (reactance)
Time constant

Ohm
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