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Abstract

Gold (Au) nanospheres, nanorods and nanoprisms were synthesized using the seed-mediated
growth method. The structural, optical, and morphological properties of Au nanostructures
were explored. Transmission electron microscope (TEM) and scanning electron microscope
(SEM) were used to identify the shape and size of Au nanostructures. The average diameters
ofAu nanospheres (AuNSs) and Au seeds were 6 and 4 nm, respectively. Au nanoprisms with
average edge length of 68 nm and Au nanorods (AuNRs) with an average length of 70 and
width of 40 nm (aspect ratio of 1.9) were obtained. In UV-Vis spectra, plasmon absorption
peaks of these nanostructures were located in the range of 395 to 629 nm for Au seeds (with
the smallest sizes) to AuNRs (with largest sizes). X-ray diffraction (XRD) confirmed the
face-centered cubic crystalline structure of Au, while Raman showed strong vibrational
modes. Additionally, the structural, optical, and morphological properties of Poly[N-9'-
heptadecanyl-2,7-carbazole-alt- 5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)]:[6,6]-Phenyl-
C61-butyric acid methyl ester (PCDTBT: PC7BM) layers with AuNSs, AuNRs, and Au
nanoprisms were characterized.UV-Vis spectra were obtained within the absorption range of
378 — 564 nm. PCDTBT: PC7BM with Au nanoprisms absorbed at high intensity in
comparison to the other samples. SEM micrographs revealed compact morphology with pin-
hole defects. XRD and Raman analysis showed no crystalline domains. The electron transport
layer, titanium dioxide (TiOz) and hole transport layer, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) were spin-coated and characterized. PCDTBT: PC7BM
based organic solar cells (OSCs) were fabricated with Au nanostructures were incorporated
between the electron-hole transport layer and the active layer. Analysis of the electrical
characteristics of the devices was done using current density voltage (J-V). Power conversion
efficiency (PCE) for the pristine device was 2.04 %, while AuNSs with plasmonics achieved
1.19%. A month after fabrication, the PCE for pristine and plasmonic devices with AuNSs
increased to 2.08 and 1.72%, respectively. When compared to the other plasmonic devices,

the device with AuNSs performed the best.



List of Abbreviations

OSCs organic solar cells
AM air mass

Au gold

AUNSs gold nanospheres

AuNRs gold nanorods
BHJ bulk heterojunction

HOMO highest occupied molecular orbital

LUMO lowest occupied molecular orbital
ETL electron transport layer

EDS energy dispersive x-ray spectroscopy
HTL hole transport layer

ITO indium-doped tin oxide

VB valence band

PCE power conversion efficiency

PC70BM  [6,6]-Phenyl-C70-butyric acid methyl ester
PEDOT: PSS  poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
TEM transmission electron microscopy

FE-SEM field emission scanning electron microscopy

XRD X-ray diffraction

PV photovoltaic

TiO2 Titanium dioxide

SPR surface plasmon resonance

LSPR localized surface plasmon resonance



Dedication

To my lovely parents; Elliot and Roinah Ngunyulu for the love, prayers, endless
support and giving me the best education foundation possible.

&

To my lovely siblings and niece; Nkateko, Kulani and Enelo Ngunyulu for
unwavering love, support, and prayers.



Acknowledgements

Firstly, 1 would like to thank my heavenly Father, the Almighty God for life, protection,
guidance, strength, wisdom, knowledge, understanding, love, and grace during my entire
period of study.

I would like to extend my gratitude to my supervisor Prof. Mmantsae Moche Diale for taking
me to be her student. I am grateful for her generous support, guidance positive criticism, and
weekly teachings on academic writing. | thank Prof. for her determination, patience,

encouragement, and motivation always.

To all the members of the Clean and Green Energy Research group, | thank you for the
support, friendship, constructive criticism, and friendships. | thank Dr. Justine Sageka
Nyarige, for the guidance, support, and patience in helping me with the synthesis and
characterization of nanostructures. | would also like to thank Dr. Juvet Nche Fru, for the
guidance, support, and patience in helping with the fabrication and electrical characteristics
of solar cells. 1 extend this gratitude to Prof. Chris Theron the Head of the Physics
Department. | thank the Chemistry Department for allowing me to use their labs and XRD
equipment. Sincere gratitude to all the workers in the laboratory for microscopy and
microanalysis for their help in TEM, SEM, and EDS equipment. | thank the National
Research Foundation (NRF) innovation master’s scholarship for funding and Grant Cost

Centre N0115/115463 of NRF-SARCHi.

Finally, 1 would like to thank my lovely parents, Elliot and Roinah Ngunyulu, my siblings,
my niece, friends, and entire family for the unwavering support, love, encouragement, and

motivation during my entire period as an MSc student.

Vi



Table of Contents

[ =Tod - = Ui (o] o PP PSP RRPPR i
N oS - Tl OSSPSR ii
LiSt OF ADDIEVIALIONS. ... .eieiiiie ettt e et e et e e snteeeannes v
D =T o= UL o] o SR PRPPRR v
LISE OF FIQUIES ...ttt ettt ettt e be e Xi
LISt OF TADIES .. Xiv
(O g2 T (=] o O TPV UPP PP PPRPP 1
L1 (o ot AT o TSP SRR 1
1.1 Background and MOTIVALION ..........ccuiiiieiiiiiie e 1
1.2 AIMS AN ODJECTIVES ......eieieieiie ittt 4
1.3 Structure 0f the diSSEITAtION..........ceiiiie et eeee e 4
RETEIENCES ...ttt ettt ettt e et e rb et 5
L0841 o) 1 ST RSTS SRR 7
Gold nanostructures in organic Solar CellS ............ooovieiiie i 7
P20 R [ 1T L8 o o P PP OPR PP 7
2.2 GOl NANOSTIUCLUIES. ... .ieutieitiiesiie ettt ettt e bbb e sre et e nbe e 7
2.2.1 Size 0f gold NANOSIIUCLUIES .......vveeiiiee et aree e 8
2.2.2 Shape 0f gold NANOSLIUCLUIES ........ccvveeeiiiee e 10
2.3 Fundamentals of surface plasmon in gold nanoStructures...........cccccovvvveeviveecieeeviie e, 13
2.3.1 Localized surface plasmons (LSPRs) and surface plasmon polaritons (SPPS)........... 14
2.4 Organic solar cells appliCatION............coiiiiiiiie e 15
2.4.1 DEVICE AICNITECIUIE ... ettt ettt ettt 16
2.4.2 S0lar Cell CharaCteriSTICS. .......viiiieeiiieiie ettt 19
2.4.3 OSCs WOrKiNg PrinCIPle.......oee it 21
2.5 P1asmoniC SOIAr CEIIS .......oouviiiie s 23
2.5.1 Plasmonic enhancement Strat@gies ..........coovurrieiiiiiieeeiiiiir e siies e 23

Vi



2.5.2 GOold NaNOSLIUCLUIES 1N OSCS ..o ettt nean 25

RETEIENCES ...ttt b et et e bbb e e 28
(O g 2T (=] S SO POT PP PP URT PP 34
EXPEIIMENTAL. ..ottt 34
T A [ 11 7T (8 o o PO TP P PP PP PP 34
3.2 Materials and Substrate Cleaning ...........coccoivieiiiiiii i 34
B2 L IMAEEITAIS ... s 34
3.2.2 SUDSEIate CIBANING ....coutieiiiiitie et 34
3.3 Synthesis 0f goId NANOTOUS...........ooiiiiiii s 35
3.3.1 Preparations 0f gOId SEEAS...........coiiiiiiiiie e 35
3.3.2 Growth of gold NANOTOUS........cocueiiiieie s 35
3.4 Synthesis of gold nanospheres and NANOPFISMS..........cccuveiiierieiiie e 36
3.4.1 Synthesis 0f gold NANOSPNEIES. .........vieiiiee e 36
3.4.2 Synthesis OF AU NANOPIISIMS ......vvveiiiie e eeiee e s ee e e e e e e srae e saae e areeeenes 37
3.4.2.1 Stock growth SOIULION .....cccuviieiiiec e 37
3.4.2.2 Growth Of AU NANOPIISMIS.....eeiiiieiiiee et ettt e e eee s e e e e stre e srae e e e e sree e nes 37

3.5 Fabrication 0f the Solar Cell ..o 37
3.5.1 The blend PCDTBT: PC70BM deposition..........cccciviieiiiieiiiee e 37
T I (© 7o o To 1] o ST PPR 38
3.5.3 PEDOT: PSS AEPOSILION .....vvieiiiieiiie ettt te et e e 38
3.6 ChAraCeriZALION .......eeiieiieii ettt b et 38
3.6.1 Ultraviolet-Visible SPECLIOSCOPY .....vvveeiureeeiiiieeiiee e et eite et e e er e 38
3.6.2 X-ray dIffraCtion ........couiieiiiicie s 39
3.6.3 RAMAN SPECIIOSCOPY ...vvvvrrirtteeeieiiiuiiitretteee e e s s ssittrreeeee e e s s s s ssbbbaeereeeeesssssstbrnenaeaeesanns 41
3.6.4 Transmission electron MICIOSCOPY .....coivvreeiireeiiieesieeesitre e rtee e e sre e ste e sraa e eree e 42
3.6.5 Scanning electron MICIOSCOPY .. .uviieiiuriee e ittt e e ettt e e e e e e s e e s e e e 43
3.6.6 Energy- diSpersive X-ray SPECIIOSCOPY . ..ccvvrrreeiirrrreeiiirireeeiiirereesssirnneesssneseesssnens 44

viii



3.6.7 Current density-voltage (J-V) measurement of the solar cells ...........cccovveeiinnnnnen. 45

RETEIBINCES ... ettt ettt e ettt e e st e e ettt e ettt e e tb e e e e rbe e e anbe e e sneeeeanneee s 46
CRAPEET 4 .ttt 47
RESUILS AN TISCUSSION ... eeieiiiie ettt e e e e st e e et e e et e e e nraeeesneaeeanneeeas 47
g I 1 4o T [ o o PSSR 47

4.2 Optical, structural, and morphological properties of gold nanostructures synthesized by

the seed-meditated MEthOd. ........cuoiiiii e 47
4.2.1 OPLICAI PrOPEITIES. ... .ottt ettt 47
4.2.2 Surface mMOrpOIOgY .......coouee it 49

4.2.2.1 TEM @NAIYSIS ....eiiieiiiii ettt 49
4.2.2.2 SEM @NAIYSIS. .....oiiiiiiie ittt 51
4.2.3 STIUCLUIAl PrOPEITIES ...ttt ettt 54
4.2.3.1 RAMAN @NAIYSIS.....cviieiiiie ettt e s e e e e e et e et e e 54
4.2.3.2 XRD @NAIYSIS .. vveeeiiie ettt e st e e e e e et e e e et a s 55

4.3 Properties of PCDTBT: PC70BM layer with Au nanoStruCtures...........ccccoveveevvveenvneenne. 56
G I R @ 0 (or= Y I o 0] o [=] o 1= TSR 56
4.3.2 SErUCLUAl PrOPEITIES ....c.vvee e ciiee ettt e et e et e e sta e e st e e ataeeanneas 58
4.3.3 Surface MOrPholOgY .....cueei it 59

4.4 Structural, optical, and morphological properties of TiO; electron transport layer........... 62
4.4.1 SErUCLUAl PrOPEITIES .....vveeeciiie ettt ettt e e et e e e e e st e e e tnaeanneas 62
4.4.2 OPLICAl PIrOPEITIES. ... .eieiiieeeeiee ettt e e et e e s e e st e e ateeeanneas 64
4.4.3. Surface MOrPhOIOgY .......cooiiiieiii e s 65

4.5 Structural, optical, and morphological properties of PEDOT: PSS hole transport layer... 66

4.6 Electrical properties of PCDTBT: PCBM organic solar cells .............coceovveiiiieiinnene, 68
4.6.2 Electrical properties for devices after a month of fabrication .................cccccooeen. 71
4.6.3 Electrical properties for devices measured with pixel area of 0.001 cm? =++seeeeees 73

RETEIENCES ...ttt 76



CNAPEET 5 . 79

CoNCIUSION AN TUTUIE WOTK ... ettt e 79
B0 CONCIUSION <ot e e e e e e e e et et e et e e e e e ee e e e e raaranns 79
B2 FULUIE WOTK e ettt et et e e e e e e e e et e e e e e te e e e e e eeerenes 82



List of Figures

Figure 1. 1 The power conversion efficiency progress of organic solar cells [10] .................. 2
Figure 2. 1. Schematic diagram of AUNPSs solutions of various Sizes.............cccceevverviennennn. 9
Figure 2. 2. Schematic diagram of nanostructures of different shapes............c.ccccocvverieinnene 11

Figure 2. 3. Schematic diagram of (a) Localized surface plasmon resonance (LSPR). (b)

Surface plasmon polariton (SPP) .......ooiiieiii e 14
Figure 2. 4. lllustrations of charge accumulations for nanospheres and nanorods ................. 15
Figure 2. 5. BasiC SOlar Cell ... 16
Figure 2. 6. Schematic diagram 0f OSC AeVICE ........ccviiiiiiiieiie e 17
Figure 2. 7. Schematic diagram of a conventional organic solar cell................ccccoeeiinnnn, 18
Figure 2. 8. Solar spectra: AM 0, AM 1.5 (6 = 48.2°C) and blackbody with a temperature
5800 K [BO] . euveveeuiesieiesieeieeseestestesteesee e saesteaseeseeeesseaseeseeeesaeaseaseeseesenneereeneeeenneeneaneeneens 19
Figure 2. 9. J-V characteristics of a solar cell under illumination [82] ...........cccccevviiiinnnnnne. 20
Figure 2. 10. Working mechanisms of an OSC device [82] ........cccceivieriiiniieiiieniie e, 22
Figure 2. 11. (a) Light scattering from MNPs at the surface of OSCs. (b) Excitation of MNPs
added in the OSCs aCtiVe 1ayer [25].....ccuuveiiiie e 24

Figure 2. 12. Plasmonic light-trapping configuration for solar cells. (a) MNPs on the top
surface of the solar cell. (b) MNPs embedded in the active layer. (c)MNPs at the

metal/semicCoONAUCTOr INEEITACE .........ieiiiiii e 25
Figure 3. 1. Schematic illustration of the preparations of gold seeds ...........c..cccccveeviiveeiinnnnnn 35
Figure 3. 2 The schematic diagram for preparation of gold nanorods..............ccccceeeviveeinnnnn 36
Figure 3. 3. Schematic illustration of the preparations of gold nanospheres.............c............ 37
Figure 3. 4. Schematic diagram for the preparations of gold nanoprisms..............cccccceevun.nn 37
Figure 3. 5. Schematic diagram of UV-Vis spectrophotometer.............ccceevvveeiineeiiiec i, 39
Figure 3. 6. Schematic diagram of XRD COMPONENLS........cceeeiiiiiiiiiiee e 41
Figure 3. 7. Schematic diagram of the Raman spectroscopy SEtUP. ........cceevivveeiireeiiiieeiiinens 42

Figure 3. 8. Schematic structure of transmission electron microscope (TEM) and the optical

Figure 3. 9. Schematic diagram of a scanning electron MiCroSCOPE ..........ccvvvveevvveeiiireesiunnnnn 44
Figure 3. 10. A picture of the 1-V system with the Oriel Cornerstone Newport solar simulator
USE 1N 1=V MEASUIEIMENTS ...cieeieiiiie ettt ettt ettt e sttt e e snb e e e st e e anbe e e snteeeanneee s 45
Figure 4.1. UV-Vis absorption spectra for Au seeds, nanospheres, nanorods, and nanoprisms.
........................................................................................................................................... 48



Figure 4.2. TEM images of (a) Au seeds with an average size of 4 nm and (b) Au
nanospheres with an average Size 0f 6 NM..........cooiiiiiiiiiii e 49
Figure 4.3. TEM images for Au nanorods with length x width of 70 x 40 nm (aspect ratio

I ) T O TP P TR U PP UPPPPRTOPRPPPPPS 50
Figure 4. 4 Histogram for Au nanorods (a) width and (b) length ............c.cccceiiinnen 50
Figure 4.5. TEM images of Au nanoprisms with an edge length of 68 nm................cccceeee. 51

Figure 4.6. SEM images for (a) Au seeds, (b) Au nanorods, (c) Au nanospheres, and (d) Au
4=V 0] o] ] O PP PO PP PUROPRPPPPPS 52
Figure 4.7. The Gaussian fit of the size distribution of (a) Au seeds, (b) Au nanospheres, (c)
Au nanoprisms, and (d) AU NANOTOUS .......cuieiiiiiie it 53
Figure 4. 8 EDS for (a) Au seeds, (b) Au nanorods, (c) Au nanospheres, and (d) Au

4=V [0] o] 1] 1P P U P PP UPRTOPRPPRPPS 53

Figure 4.9. Raman spectra of (a) Au seeds and nanorods, (b) Au nanospheres and nanoprisms.

........................................................................................................................................... 54
Figure 4. 10 XRD spectra of (a) Au nanospheres and seeds, (b) Au nanorods and nanoprisms.
........................................................................................................................................... 56
Figure 4.11. UV-Vis absorption spectra of active layer PCDTBT: PC7BM layer with

INCOrporated AU NANOSTIUCIUIES .......eeiuviieiiiee ittt e ectie e e sie e e e e e st e e st e e e b e e e snaeeesnnaeeanneeeas 57
Figure 4.12. Raman spectra of PCDTBT: PC70BM active layer with Au nanostructures....... 58
Figure 4.13. XRD spectra of PCDTBT: PC70BM with and without Au nanostructures......... 59
Figure 4.14. The SEM images of PCDTBT: PC70BM with (a) without nanostructures, (b) Au
nanospheres, (c) Au nanorods, and (d) AU NANOPIISIMS...........eeiiireiiireeiieeesieeesieeesieeesieeeas 60
Figure 4.15. The Gaussian fit for PCDTBT: PC70BM size distribution with (a) no

nanostructure, (b) Au nanospheres, (c) Au nanorods, and (d) Au nanoprisms....................... 61
Figure 4.16. The EDS for active layer (AL) PCDTBT: PC7BM with (a) Au nanospheres (b)
Au nanorods and (C) AU NANOPIISMS ......ciuveeeirieeiieeesteeesite e s stre e s stee e s srae e e sraeeessaeeeateeeaaeeeanns 61
Figure 4.17. X-ray diffraction patterns OF TIO2. ... 63
Figure 4.18. Raman SPECLIUM OF THO2. ...t 64
Figure 4.19. UV-VIis SPECLIUM OF THO2.........ooooooeeoeeeeeeeseeseeseseseseseseseseseses e 65
Figure 4.20. SEM images of TiO- thin film (a) top view and (b) cross-section..................... 66
Figure 4. 21. The properties of PEDOT: PSS thin film (a) UV-Vis spectra, (b) Raman spectra,
(c) SEM image, and (d) XRD Pattern ........ccoiiuiiiieiiiiiie i 67

Figure 4.22 Schematic diagrams of fabricated OSCs (a) reference, with (b) Au nanospheres,

(c) Au nanorods, and (d) AU NANOPIISIMS ...cccuvurreeiiiiieeeeiiree e e e sitre e e s e e e s e e e s re e e s sraees 68



Figure 4.23. Current-density characteristics of devices with and without Au nanostructures
UNAEr THUMINATION ...t e e e et e et e e e snbeeeanneee s 71
Figure 4.24. J-V characteristics of devices with/without Au nanostructures under illumination
ATEEr @ IMONTN ... 73
Figure 4.25 J-V characteristics of devices with/without Au nanostructures under illumination

Y (=] = 1 110011 PSSR 74

xiii



List of Tables

Table 4.1 Comparison of performance of OPV devices with/ without Au nanostructures under
illumination

......................................................................................................................... 71
Table 4.2 Comparison of performance of OPV devices with/ without Au nanostructures under
Hlumination after @ MONTN .........c.eeii i 73

Table 4.3 Comparison of performance of OPV devices with/ without Au nanostructures under
Hlumination after @ MONTN .........cvvii i e 75

Xiv



Chapter 1

Introduction

1.1 Background and motivation

There has been an increase in energy demand which has resulted from the growth in the
world population and industrialization. Reports have shown that in developed and developing
countries, the energy consumption grows exponentially at a rate of 1 to 5% per year [1]. The
primary source of energy, especially in heating, production, and transportation is fossil fuels
[2]. However, the disadvantages of using fossil fuels are the release of carbon dioxide (CO3)
and other greenhouse gases that have led to a drastic climate change and global warming [3-
5]. Climate change and global warming are a concern because of their impact on life and
changing weather patterns. Some of the fossil fuels currently used, include oil, coal, and
natural gas [6]. Therefore, moving to renewable energy can help to reduce greenhouse gas

emissions and hence save our environment [7].

Renewable energy research has gained more attention in recent decades due to the increase in
global energy consumption. Recently, renewable energy sources have been estimated to be
17.9% ofglobal energy consumption in 2018 and 27.3% of global electricity production in
2019 [8]. Renewable energy has become more attractive in producing electricity and it is
considered an environmentally friendly resource. These includes hydro, wind, and solar
energy, to mention but a few [9]. Solar energy is captured by photovoltaics (PV) devices like
solar cells, converted to electricity, and stored in batteries. It is a clean source from the sun,
which is eco-friendly (green energy) and has advantages including abundance, and limited
impact on the environment [9]. In addition, renewable energy technologies turn these natural

energy sources into forms of energy such as heat, fuels, and electricity [7].

Solar PV systems directly convert solar energy into electricity [7]. Over the years, research
has been conducted to manufacture various types of solar cells like silicon (Si), cadmium
telluride (CdTe), and organic solar cells (OSCs) [10]. Most inorganic solar cells such as
silicon with power conversion efficiency (PCE) between 22 and 31% have been
commercialized [10]. However, disadvantages of inorganic solar cells are high-cost
production [10, 11].

Organic solar cell (OSC) as the new generation of PV devices have become of interest in the

renewable energy field because they offer a promising alternative to inorganic solar cells, due

1



to their unique advantages such as lightweight, low cost, flexibility, tunability of energy
level, and large surface area [5]. In 1986, the first double-layer heterojunction OSCs with a
PCE of 1% was designed by Deng [12]. The bulk heterojunction (BHJ) was proposed first in
1995 by Heeger to enhance the efficiencies of polymer photovoltaic cells [13]. From that
time, different researchers investigated the design and performance of OSC, as shown in
Figure 1. 1 the progress in power conversion efficiency (PCE) of OSCs over the years. The
reported PCE of OSCs thus far has gone up to 18% [14].

low-bandgap
PTBT
wide-bandgap
P3HT

double-layer
heterojunctio

1986 2001 2003 2010 2016 2017 2019 2020

Figure 1. 1 The power conversion efficiency progress of organic solar cells [10].

Among various types of organic solar technologies, BHJ solar cells have high potentials due
to their low cost and ease of fabrication. The BHJ structure is the blend of electron-accepting
and electron-donating materials which consists of interpenetrating, channel-like domains of
separated polymer and fullerene phases [15]. A study by Leclerc et al. demonstrated
reproducible efficiencies of like Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7"-di-2-
thienyl-2',1',3'-benzothiadiazole)]:[6,6]-Phenyl-C61-butyric acid methyl ester (PDCTBT:
PCBM) of more than 3% [16]. PCDTBT is reported to have high solubility, good thermal
stability, and near perfect internal quantum efficiency. Hence, PCDTBT-based solar cells
have been investigated by different research groups and they demonstrate the high short-
circuit current density and PCE, due to their ultrafast charge carrier generation [16, 17].



The performance of solar cells depends mainly on the active layer’s ability to absorb incident
light, the effectiveness of electron-hole dissociation and the collection of charge carriers [18].
However, there are major problems that contribute to the poor performance of OSCs such as
low absorption in the near infrared (I-R) region and low mobility of charge carriers in the
active layer [18]. The PCE and stability are still not sufficient for commercial applications
[15]. Various approaches such as surface texturing [19], metal nanoparticles gratings [20],
and resonance cavity [21] have been investigated to increase optical absorptions of OSCs
[22]. Among these approaches, surface plasmon resonance (SPR) of metal nanostructures is

one of the promising alternatives [23].

Plasmonics has generated interest in the last decade due to its unique properties. Metal
nanoparticles (MNPs) exhibit a strong absorption band in the UV-visible region, which
occurs when plasmons waves get excited on their surfaces [24]. The absorption is caused by
the coherent oscillation of free electrons induced by the electromagnetic field [25]. The
localized surface plasmon resonance (LSPR) effect of MNPs occurs when there is an
interaction between incident light and the oscillating free electrons in MNPs [22]. Many
research groups have reported the incorporation of MNPs into plasmonic OSCs to enhance
the absorption and performance of the devices [26-28]. One of the ways of addressing the
problem of absorption and efficiency of OSCs is using noble metals such as gold (Au), silver

(Ag) nanoparticles in solar cell structures [29].

Since the dawn of metal nanoparticles, Au nanostructures have gained a lot of attention due
to their unique properties such as strong absorption band, high luminescence, and excellent
conductivity [30]. Since the properties of Au nanostructures are dependent on their size and
shape, there has been continuous effort to control their sizes and shapes [31, 32]. Au
nanostructures like nanospheres, nanowires, nanorods, nanocubes, and nanoprisms have been
synthesized by different methods [33]. These nanostructures have been reported to enhance
the performance of organic solar cells due to their surface modification, tunable sizes, and
surface plasmon absorption properties [28, 34, 35]. For these reasons, the incorporation of Au

nanostructures into polymer based OSCs can enhance PCE considerably.



1.2 Aims and objectives

This dissertation was aimed at comparing the effect of the synthesized Au nanospheres,

nanorods, and nanoprisms on the performance of PDCTBT: PC7BM based organic solar

cells. The objectives are as follows:

I.  Synthesis of Au nanostructures using the seed-meditated growth method and study
their structural, optical, and morphological properties.

ii.  Study the structural, morphological, and optical properties of PCDTBT: PC70BM with
the addition of Au nanospheres, nanorods and nanoprisms, titanium dioxide (TiO2),
and PEDOT: PSS on soda lime glass substrate.

iii.  Fabricate the PCDTBT: PC7BM based OSCs and incorporate Au nanospheres,
nanorods, and nanoprisms between electron transport layer and hole transport layer

and study the effect of Au nanostructures on the electrical properties of the devices.

1.3 Structure of the dissertation

This dissertation is divided into five (5) chapters as follows:

Chapter 1 presents the background and motivation of this study, the aim, objectives, and the
structure of the dissertation.

Chapter 2 reports on the literature review of plasmonic properties of Au nanostructures,
working principle of OSCs, design, and architecture of OSCs, and applications of Au

nanostructures in OSCs.

Chapter 3 gives a detailed description of the experimental methods, which includes synthesis
of Au nanospheres, nanorods, and nanoprisms, preparation of PCDTBT: PC7BM with and
without Au nanostructures, TiO, and PEDOT: PSS thin films, and fabrication of pristine

OSCs and plasmonic devices.

Chapter 4 presents and discusses the results obtained from the synthesis and characterization
of Au nanostructures. Structural, morphological, and optical properties result of the thin films
are presented. Electrical properties of PCDTBT: PC70BM based OSCs and plasmonic devices

are also discussed in this chapter.

Chapter 5 concludes and recommends possible future work.
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Chapter 2

Gold nanostructures in organic solar cells

2.1 Introduction

Gold (Au) nanostructures have recently been used in organic solar cells. These nanostructures
are of advantage in solar cells because of their chemical, physical and optical properties. The
shape and size of metal nanostructures are also important due to their effect on these
properties. The use of Au nanostructures has shown an improvement in the efficiency of
organic semiconductor devices. This chapter discusses the size, shape, synthesis methods,
surface plasmons properties, working principle of organic solar cells, and the applications of
Au nanostructures in organic solar cells that have been reported by other studies.

2.2 Gold nanostructures

Metal nanostructures (MNSs) are particles with a size range from 1 to 100 nm and are
produced using noble metals such as gold (Au), silver (Ag), and copper (Cu). Noble metals
have unique properties such as resistance to corrosion and oxidation, non-reactiveness, high
reduction potential, high melting point, and high ionization energy [1]. Au has received
special attention in nanoscience because of its physical and optical properties which can be
manipulated by different processes effectively. These physical properties include electrical
conductivity and quantum tunnelling effect [2, 3]. On the other hand, silver nanostructures
(AgNSs) have plasmon absorption resonance bands at a shorter wavelength, absorb between
300 and 500 nm, compared to Au nanostructures [4, 5]. Similarly, the synthesis of copper
nanoparticles (CuNPs) is not environmentally friendly, and copper is less stable compared to
Au [6].

Au nanostructures outweigh other MNSs due to their stability under changing
physicochemical conditions such as pH, temperature, and ionic strength [7]. Au
nanostructures have a strong absorption band, high luminescent properties, and have plasmon
resonance absorption band in the range of 500 to 800 nm [8]. These nanostructures have been
used in sensing, photovoltaic, imaging, and therapeutics due to their tunable sizes, excellent
optoelectronic properties, and straightforward surface modification [9-11].Most applications

of Au nanostructures depend on their optical properties that are in turn dependent



on size and shape [12]. Some of these optical properties are surface-enhanced Raman

scattering (SERs) and surface plasmon resonance (SPR) [13].

2.2.1 Size of gold nanostructures

The size of Au nanostructures has a significant effect on the SPR and the optical properties
[14]. Properties such as electrical conductivity, fluorescence, melting point, magnetic
permeability, and chemical reactivity, change as the function of the size of the NSs [15, 16].
For example, Cao et al. [17] reported the dependence of optical and electrochemical
properties on the size of gold nanoparticles (AuNPs). The results showed that with the
increase in the size of the NPs, electrochemical oxidation potential was positively shifted
(blue shift) and full width at half maximum in the ultraviolet-visible (UV-Vis) absorption
spectrum increased. In another work, Pakravan et al. [18] reported the synthesis of seven
different AuNPs such as rods, stars, hollow, cages, spheres, Fe-Au and Si-Au core shells and
investigated the effect of shapes on their optical properties. They measured the photothermal
heating capacity and found that all these AuNPs absorb and convert near-infrared light into
heat. However, gold nanostars showed the lowest cytotoxicity and highest heat generation
compared to the other structures. Properties of Au nanostructures are dependent on the size

and shape. Hence, strict control of size and shape is necessary.

In recent work, Hussain et al. [19] reported the controlled sizes of AuNPs by using a polarity
solvent which is ethanol. They found that high polarity solvent produced smaller and
spherical nanoparticles, whereas low polarity solvent produced bigger sizes with different
shapes. The seeded-growth method is mostly used and results in the improvement of size
distribution and highly monodispersed particles. Three parameters play a huge role in the
synthesis of Au nanostructures: pH, concentration of reducing agent, and temperature [20].
Another important parameter is the colour of the solution, which is a wavelength/frequency
parameter necessary to understand the optical properties. Au nanostructures usually appear
with a complementary colour, like red/ purple/ pink which represents the state of the solution
without any gold ions in the solution [16]. This is due to the collective oscillations
constrained by the reduced dimensions of the nanostructures in which the electrons are
confined, leading to absorption inthe visible region [16, 21]. A study by Karakocak et al. [22]
reported synthesized AuNPs using sodium citrate as the reducing agents. After stirring for 20
- 30 mins the solution became wine-red, showing the reduction of Au ions. The end product

was AuNPs with a size range of 10 — 50 nm.



The differences in the colour of the solution of the MNSs arise as a result of the change in
size distribution, surrounding the medium, shape, and high absorption [23]. The colour of the
solution is dependent on the size of MNSs and is related to the absorption wavelength. A
study by Wrigglesworth et al. [24] reported that five AuNPs of different sizes (samples A to
E) were synthesized using the seed-meditated method. The transmission electron microscopy
(TEM) results have shown an increase in particle size by giving average diameters of 32, 53,
81, 94, 127 nm for samples A, B, C, D, and E, respectively. The colour of the sample
solutions changed from pink, dark pink, purple, violet to blue, from sample A to E,
respectively. In the same way, the absorption spectrum peak had red-shifted (from 528 nm to
612 nm) and broadened significantly, as the particle size increased from sample A to E.
Different sizes cause the difference in the solution colours of Au nanostructures as shown in
Figure 2. 1 [25]. As the size of Au nanostructures increases, the colour changes.
Nanostructures with a diameter range of 1 — 50 nm are classified as small NPs and a diameter

range of 50 — 100 nm are large NPs.
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Figure 2. 1. Schematic diagram of AuNPs solutions of various sizes.

The optical properties of MNSs are sensitive to their size, shape, and surrounding medium
[26]. When small AuNPs are exposed to light the oscillating electric field causes the
conduction electrons to oscillate in a well-organized manner. This happens due to the
displacement of the electron cloud; a restoring force arises from coulomb attraction between
electrons and nuclei which results in the oscillation of the electron cloud [16]. The shape and
size of AuNPs result in plasmonic resonance bands from the visible to the infrared region
[27].



Different researchers have reported different sizes of AuNPs. For example, Piella et al.
results showed that the localized surface plasmon resonance (LSPR) band narrows with the
peak position from 505 to 517 nm as the NPs size increases from 3.6 nm to 11.3 nm and
redshift was observed. Neither the appearance of new peaks at longer wavelengths nor the
broadening of the band was observed, which indicates the absence of any aggregation on the
AuUNPs. Two regions of different behaviour were recognized. The absorption band, for small
AuUNPs (< 8 nm), slight variations in the size (from 3.6 to 8 nm) were interpreted into large
shifts in the LSPR peak position from 505 to 515 nm. Similarly, for large AuNPs (> 8 nm),
the size-dependence was smoother and the size variations from 8 to 13 nm, hence the smaller
standard redshift was observed from 515 to 517 nm [20].

Said et al., reported a study where AuNPs were synthesized using the thermochemical
method. They reported AuUNP, mostly dominated by spherical shapes and sizes in the range of
12 - 23 nm. Their measurement of the UV-VIS spectra showed that the surface plasmon
resonance shifted to a higher wavelength as the particle size decreased [28]. Zhuang et al., on
the other hand, reported AuNPs synthesized using the seeding growth methods, which can
achieve a uniform size distribution. Gold nanospheres (AuNSs) showed uniform sizes of 5 £
1, 10 = 2, and 20 + 1 nm. The bigger the size of AuNSs, the higher the shift of the surface
plasmon absorption peaks to a higher wavelength, and a redshift was observed. The surface
plasmon absorption peaks were observed between 520 — 530 nm. They observed the gold

nanorods (AuNRs) with a diameter of 15 nm and a longitudinal ratio of 3 + 0. 5 [29].

2.2.2 Shape of gold nanostructures

Gold nanostructures with different shapes and dimensions such as 1-D (wires and rods), 2-D
(stars and triangles) and 3-D (cubes and spheres) have various optical and electrical
properties which are of special interest [30]. Figure 2. 2 shows nanostructures of different
shapes. Different shapes and sizes of AuNSs have been shown to create a large localized
electromagnetic field enhancement. The study of AuNSs of various sizes revealed that
branched nanoparticles have a strong surface-enhanced Raman scattering (SERs) activity
compared to the non-branched ones [31]. Nanoparticles can be synthesized into shapes such

as rods, wires, prisms, spheres, and cubes [32].

10



Qe A %

Nanospheres Nanorods Nanoprisms Nanostar

Nanocubes

Figure 2. 2. Schematic diagram of nanostructures of different shapes.

Gold nanospheres (AuNSs) are simple to synthesize, scalable, uniform and high-yielding
structures that provide access to materials with improved plasmonic properties [33]. Studies
show that spheres compared to anisotropic nanoparticles have more intense electric fields
localized near the sharp geometry features and the localized surface plasmon resonance
(LSPR) wavelength tuneable over a broader range [34, 35]. Gold nanoshells have been shown
to provide an SERs enhancement compared to AuNSs [31]. Small spherical seed particles,
often less than 5 nm are usually referred to as gold seeds [36]. For example, Cramer et al.
reported the synthesis of AuNSs and Au seeds by using the seed-mediated method. The Au
seed had an average size of 4 nm and AuNSs had average sizes between 5 - 8 nm. Surface
plasmon absorption peaks of the seeds were lower (517 nm) compared to that of AuNSs (522
nm), hence red-shift was observed [36]. Sun et al. has reported AuNSs with an average
diameter of 5.2 £ 0.6 nm and exhibit a plasmon resonance peak at 520 nm [37]. AuNSs and

Au seeds can be transformed into other shapes such as nanorods, prisms, and cubes.

The production of non-spherical AuNPs is a complex process and requires multistep
synthesis. Different researchers reported the gold nanocubes (AuNCs) and their special
properties. AUNCs have interesting plasmon coupling properties [38], photoluminescence
[39], and catalytic properties [40], although, difficult to produce due to their six closed-
packed 100-planes. A study by Thiele et al. [41] reported the synthesis of AUNCs by highly
controlled production steps: the synthesis step, seed particle formed, followed by two
independent growing steps. Their AUNCs had average edge lengths of 54, 62, 68, and 79 nm,
and plasmonic resonance peaks of 558, 566, 584, and 608 nm were observed, respectively. In
another work, Miranda et al. reported AuNCs with an average edge length of 13 £ 2 nm,
synthesized by photocatalytic reduction methods in aqueous solutions. Their shape selectivity

was found to be >90% and were reproduceable [40].
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Gold nanorods (AuNRs) are easily tunable from visible (vis) to near-infrared (NIR) due to the
shape-dependent longitudinal surface plasmon resonance [42, 43]. Their length divided by
the width and is known as the aspect ratio, influenced by the location of longitudinal surface
plasmon resonance in the spectrum. In addition, AuNRs of smaller sizes have a larger
absorption cross-section and improve photothermal conversion due to higher absorption and
larger sizes with larger scattering cross-sections and improved scattering-based applications
such as imaging [12]. They have high stability, compatibility, easy production, and the
special optical phenomenon derived from heterogeneous geometry [44]. The AuNRs have a
unique property. It shows two plasma resonance bands because of the high aspect ratio,
giving the nanostructures independent electronic collective vibrations. One direction where
the free electrons move along the nanorod length is called longitudinal surface plasmon
resonance absorption and the other direction is when the free electrons move along the

nanorod width called transverse surface plasmon resonance [45].

Different researchers have reported AuNRs and their unique surface plasmon properties. For
example, Meng et al. reported the synthesis of AuNRs using the seed growth method. Their
diameters and lengths were controlled by adjusting silver ion (Ag*) concentration in the
growth solution. AuNRs had length sizes range of 15 - 45 nm and a length-diameter aspect
ratio of 4.34. The XRD spectra showed peaks at 38.3, 44.4, 64.6, 77.5, and 82.3 which
correspond to 111, 200, 220, 331, and 222 planes of Au according to JCPDS card #04-0784.
UV-Vis spectra showed surface plasmon absorption peaks at 530 (TSPR peak) and 620 nm
(LSPR peak) [45]. In another study, Huei et al. reported mini AuNRs with tunable
longitudinal surface plasmon resonance from ~600 to >1300 nm. A seed-mediated growth
method was used, and two weak reducing agents were used to tune the aspect ratios of the
mini AuNRs from 2.2 to 10.5. The mini AuNRs had a length size range of 19.3 - 21.7 nm and
a width size range of 9.0 - 5.8 nm. UV-Vis spectra showed the maximal longitudinal plasmon
band wavelengths at 607, 673, 741 and 793 nm [12].

Triangular gold nanoprisms (AuNPrisms) are of high interest due to their sharp corners or
tips, which show unigue LSPR and high local electric fields when illuminated with light. This
makes nanoprisms to be attractive candidates for applications such as SERs [46]. AUNPrisms
shows two prominent modes: in-plane and out-of-plane modes. By controlling geometric
parameters such as diameter and length, these modes can be fine-tuned. For the production of

high-quality Au nanoprisms, iodide (I) anions are important [37]. A study by Mojie et al.
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[37] reported the role of halide ions in the seed-mediated synthesis of AuNPrisms. The iodide
concentration of ~30 uM produced sharp tips and high yield. High iodide concentration >80
uM produced AuNPrisms with blunt tips and low yield. Hence, the iodide concentration must
be kept low to obtain high-quality triangular nanoprisms with high yield and sharp tips. In
another study, Cramer et al. reported the synthesis of Au nanoprisms where they used
potassium iodide as the reducing agent. Au nanoprisms with an edge length of 150 nm and
the surface plasmon resonance peak of 536 nm were observed [36].

2.3 Fundamentals of surface plasmon in gold nanostructures

Surface plasmon (SP) is defined as an interaction between matter and the electromagnetic
field of light and it is one of the AuUNSs optical properties. The physical meaning of SP can
be described as a metallic NP with a lattice of ionic cores that consists of conduction
electrons moving freely inside the NP. When light is shining on an NP, a force is exerted on
the conduction electrons by the electromagnetic field of light moving them and the surface.
An electric dipole is created due to electrons that are restricted inside the NP. Positive
charges accumulate on one side and negative charges on the opposite side. Therefore, an
electric field is generated by this dipole inside the NP opposite that of the light and it will

force the electrons to return to equilibrium position [14].

A force is exerted by the electric field on the conduction electrons of the metal NP causing
them to collectively move to the NP surface. The conduction of electrons and the metal lattice
leads to restoring force due to the Coulomb force between them. These two forces will cause
the electrons to oscillate collectively with a maximal amplitude at LSPR frequency as known
as plasmonic frequency [47]. Plasmonics is defined as the coupling of light to charges in
metals, where the electric field of light sets free metal charges. The free electrons oscillate
and allow strong field enhancement at the metal surface and interfaces of metals. The use of
plasmonics makes it possible to create light with sub-diffraction limit wavelengths at optical
frequencies [48]. Surface plasmons are free electrons oscillations caused by the optical
methods at the metal surfaces. They can either be localized or propagated surface plasmons

for metal nanoparticles [49, 50].
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2.3.1 Localized surface plasmons (LSPRs) and surface plasmon polaritons (SPPs)
Surface plasmon resonance (SPR) refers to the collective electromagnetic oscillations of
electrons between the metal and dielectric medium. These electronic oscillations can be
propagated along a flat interface known as surface plasmon polaritons (SPPs) or restricted to
the subwavelength structure known as localized surface plasmon resonance (LSPR) [51].
Figure 2. 3 shows SPP and LSPR modes. The unique plasmonic properties of AuNSs arise
when interacting with light, where an oscillation of conduction band electrons occurs at a
specific frequency, called LSPR [52]. SPPs are localized light waves that propagates along
the surface of the planar metal and penetrates to different extents into the NP and dielectric
medium [48].

Electric field
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Figure 2. 3. Schematic diagram of (a) Localized surface plasmon resonance (LSPR). (b)
Surface plasmon polariton (SPP).

The NP shape strongly affects the SP resonance. The restoring force for the SP is
proportional to the charge accumulation and it is influenced by the NP geometry [14]. Figure
2. 4 shows the illustrations of charge accumulations for nanospheres and nanorods. For
example, in nanorods at the NP surface, the charge accumulation will be different for
electrons oscillating along the rod axis (longitudinal plasmons) and along the perpendicular
direction (transversal plasmon). The electrons oscillating in the longitudinal plasmons have
small forces and small frequencies, hence larger resonant wavelength, and higher aspect ratio
[53]. The transversal plasmons fall at the same position as spherical NPs, hence the resonant
wavelength is smaller. Other NP geometries such as nanocubes and triangular prisms give

more complicated effects [54].
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Figure 2. 4. lllustrations of charge accumulations for nanospheres and nanorods.

2.4 Organic solar cells application

Since the first demonstration of a practical photovoltaic cell in the mid-1950s, solar energy
has become well known practical alternative energy technology. Traditionally, solar cells
were manufactured using crystalline semiconductors, particularly silicon. Recently, the
development of organic photovoltaic devices (OPVs) has attracted interest due to their
lightweight, low cost, ease of manufacturing, and mechanical flexibility [55]. Solar cells have
been known to be one of the important energy conversion devices that convert solar energy
directly to electricity. This is done using semiconductor materials with photovoltaic
properties [56]. The operation of a solar cell requires three basic characteristics such as the
absorption of light-generating electron-hole pairs, separation of charge carriers (electron-hole
pairs) of opposite charges, and the separation extraction of the carriers to an external circuit.
Figure 2. 5 shows that solar cells are designed using p-type and n-type material to form p-n
junctions. Si solar cells have been extensively used to collect solar energy as p-n junction
type solar cells. Fabrication and distribution of solar energy through solar cells is a well-

established technology, which could be used to supply electricity to non-grid users.
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Figure 2. 5. Basic solar cell

However, the cheaper conventional electricity from fossil fuel and nuclear power stations
compared to electricity from solar cells [57], has established infrastructure, but cannot reach
the communities that are off-grid. Furthermore, high manufacturing costs for conventional
solar cells based on inorganic materials require expensive vacuum system and high-
temperature processes for production. Hence, organic materials were introduced as light
absorption materials to overcome the issue of cost in conventional solar cells. Organic
materials processes make use of low temperature and are vacuum-free systems, making them

cheap to manufacture [58].

2.4.1 Device architecture

Organic solar cells (OSCs) are a type of optical device that uses organic electronics that deal
with conductive organic polymers and are suitable for solar energy harvesting due to their
properties [28]. These solar cells utilize light-absorbing polymers to generate an electrical
current from sunlight by photovoltaic effects. The advantages of OSCs are lightweight, low
cost, low-temperature fabrication process, semi-transparent, and mechanical flexibility [59].
OSCs have the potential to advance applications such as building-integrated photovoltaics
(BIPV), PV charges for portable electronics, and large volume flexible solar modules in

buildings and can easily be applied to windows, doors, and geysers [60].

OSCs consist of three major parts depending on their function. Firstly, the active layer (AL)
is a blend of organic semiconductors and fullerene derivatives. These organic semiconductors
can generate excitons and separate charge carriers at the interface of the two components.
Electrons flow from electron donors (organic semiconductors) to electron acceptors (fullerene
derivatives), due to the energy level alignment of the blend [61]. Secondly, the charge

transport layer for electrons and holes; electron transport layer (ETL) and hole transport layer
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(HTL). These two layers selectively accept one charge carrier type (electrons or holes) from
the active layer and enable charge extraction to the electrode [62]. Thirdly, electrodes that
finally collect charge carriers. Electrons are transferred to the cathode and holes are
accumulated at the anode. Aluminum (Al), silver (Ag), gold (Au), and indium tin oxide
(ITO)have been used as transparent conducting electrodes (TCE) or metal electrodes [63].
Figure 2. 6 demonstrates OSC device architecture. The arrangement of the OSC device is
important. When the device is assembled in the order of TCE which is (bottom electrode)/
HTL/ active layer/ETL/metal electrode (top electrode), it is referred to as a conventional
organic solar cell. When the device is fabricated in the order of TCE/ETL/active layer/HTL/
metal electrode, it is referred to as an inverted organic solar cell [64].

Contacts

Transparent Conducting Electrode|
Glass |

Figure 2. 6. Schematic diagram of OSC device.

There are two types of organic solar materials, conjugated polymers, and low molecular
weight organic semiconductors. The difference between these two is how they are fabricated.
The conjugated polymers are fabricated using methods such as spray pyrolysis, spin coating,
and screen printing [65]. Low molecular weight organic semiconductors are deposited using
gas-phase methods such as vapor deposition and sublimation which needs a vacuum
environment [66]. There are different types of conjugated polymers, such as Poly[N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) ,
[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) and Poly (3,4- ethylene
dioxythiophene): polystyrene sulfonate (PEDOT: PSS) [67].Figure 2. 7, shows how these

materials can be used in OSCs.
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Figure 2. 7. Schematic diagram of a conventional organic solar cell.

The active layer material in the OSC must have good morphology, structural, electrical, and
optical properties. Organic polymer like PCDTBT has been used as a promising material for
electron donor layer in OSCs. PCDTBT has a shallow bandgap and deeper highest occupied
molecular (HOMO) level. By using these advantages this electron donor material increases
light absorption area and consequently, the open circuit voltage. The extended red absorption
of the PCDTBT leads to the improvement of the performance of the OSC due to the
harvesting of a great fraction of the sun’s radiation [68]. In addition, a fullerene material,
PCBM is used as an electron acceptor material due to their superior electron-transporting
property [68]. It is reported to improve the efficiencies of BHJ OSCs because the optical
density of PC7:BM in the visible region is higher compared to PCsBM, and also the
improvement in the absorption spectra of the polymer [69]. A study by Heeger and Bazan et
al. reported the efficiency improvement of PC7:.BM blend from 5.5 to 7% by controlling the
morphology. Hence, it showed improved optical density and mobility compared to PCsBM
[70].

Interfacial materials are important in OSCs and are placed between the active layer and
transparent conducting oxide. The right HTL and ETL should have the accepted chemical
stability making them electrically suitable for conduction [71]. In this case, PEDOT: PSS is
the hole transport layer in the OSC. The high transparency of PEDOT: PSS makes it an
attractive material to improve the photocurrent of the OSC due to its absorption in the visible
range, long-term stability, easy processing OSCs [72]. It is usually a front electrode in
organic solar cells because of its high conductivity, transparency, and work function of 5.1
eV which makes it suitable as an anode [73]. In the same way, titanium dioxide (TiO3) is

commonly used as an electron-hole transport layer due to its non-toxicity, low cost, high
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electron mobility, chemical stability, and high transparency in the visible range [74]. It is an
n-type semiconductor that has been used extensively in OSC [75], lithium-ion batteries [76],

and polymer solar cells [77].

2.4.2 Solar cell characteristics

When sunlight reaches the surface of the earth and strikes OSCs, some of the light will be
absorbed, scattered, and reflected by materials and electrodes used. The sunlight optical
length normalized to the thickness of the earth’s atmosphere defines the air mass (AM). It is
mostly used to characterize the intensity of solar radiation and account for the absorption and
scattering of wavelengths by different atmospheric species [78]. AM value is given by

1 2.1

AM =
cos 0

where 0 is the angle of incident when the sun is directly overhead [79]. The AM 1.5 with 6 =
48.2°C has an intensity of 1000 W/m? and used to characterize photovoltaics as standard
spectrum [80]. The solar energy intensity is 1353 W/m? outside the earth’s atmosphere and
the spectral distribution is air mass zero (AM 0) radiation spectrum [81]. The spectra of AM
0, blackbody, and AM 1.5 are shown in Figure 2. 8.
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Figure 2. 8. Solar spectra: AM 0, AM 1.5 (6 = 48.2°C) and blackbody with a temperature
5800 K [80].
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Under the standard conditions of AM 1.5 G and 1000 W/m?, the performance of a solar cell
can be studied by measuring the current-voltage (J-V) curve in the dark and under
illumination. Usually, solar cells behave like diodes in the dark and in illumination, the
magnitude of short circuit current (Jsc) shifts the curve down when generating a photocurrent.
To obtain the J-V curve, current density (J) is measured with respect to voltage (V) and this
studies the photovoltaic characteristics. The parameters of a solar cell that can be measured
are short circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) [82]. Figure 2. 9 shows an example of the J-V curve and these

parameters.

J:V)=(0,0)

Voltage (V)

Current density (mA/cm”2)

Figure 2. 9. J-V characteristics of a solar cell under illumination [82].

Short circuit current (Jsc) is the maximum current that flows through the external circuit
when there is no applied voltage (V = 0). It is the current value obtained per unit area at zero
voltage. Due to the charge carries generated, the flow of current contributes to the efficiency
of the solar cell. Jsc is related to charge mobility, photon absorption, and charge separation
[83]. These properties have a significant effect on the device. For example, charge mobility
depends on the intrinsic properties of the solar cell. Photon absorption is dependent on the
bandgap of the active layer. According to theoretical results, the ideal bandgap is around 1.3
eV to obtain the highest photon absorption efficiency [84]. For charge separation, it depends
on the LUMO levels of the donor, acceptor, and morphology of the active layer [83].
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Similarly, open-circuit voltage (\Voc) is the voltage value measured at the zero current of the
circuit. In other words, at the point where there is no flow of current in the device, voltage is
obtained. It is directly associated with the energy bandgap of the acceptor and donor
materials. Voc is determined by the difference in the work functions of two metal electrodes
[85]. A study by Frohne et al. reported that the doping levels of PEDOT: PSS using
electrochemical potential, the Voc is affected [86]. Furthermore, by using electrodes with
high differences in work function, Voc can be increased. It is also influenced by other
parameters in OSCs such as chemical potential gradient and dark current [87]. The product of
Voc and Jsc gives the fill factor (FF) of the device. This is defined as the ratio of maximum
power generated by the solar cell. It measures the maximum square area of the J-V curve, and
the magnitude of the square shows a higher power output, which shows the quality of the
device. In the same way, the FF is influenced by the balance between the hole and electron
mobility, and it is dependent on the recombination transport, and resistance of charges [80].

The quality of the thin films and interfaces are determined by series and shunt resistance.
Series resistance (Rs) and shunt resistance (Rsh) have a significant effect on the FF through
the changes of Jsc and Voc. Series resistance (Rs) is a resistance that accumulates ohmic
losses and contributions from electrodes and bulk resistivity of materials, respectively. For a
large magnitude of current to flow in the positive biased direction, Rs must be very small
[88]. In principle, Rs is sensitive to the thickness, morphology, and intrinsic resistance of the
semiconductor blend layer and the quality of the electrode’s interfaces [87]. Shunt resistance
(Rsh) is the resistance that occurs due to the recombination of charge carriers in the donor or
acceptor interfaces and electrodes which results from leakage current. It must be large enough
to produce the photogenerated current through the diode and junction of the solar cells to
maximize the voltage [89]. Rsh is influenced by the defects and impurities in the active layer
and related to the charge recombination [87]. In OSCs, Rsh (>1000 Q) is usually far larger
than Rs (10 ~ 100 Q) [89]. All these parameters are highly dependent on each other; low Rsh

decreases Voc and high Rs decreases the Jsc, while both influence the decrease of FF [87].

2.4.3 OSCs working principle

Organic materials consist of the highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO) [66], similar to valence and conduction band in
inorganic semiconductors. Blended organic devices consist of donor and acceptor polymers.
The HOMO and LUMO of the donor have the highest energy levels compared to that of the
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acceptor polymer, leading to the electron transfer from donor to acceptor. In organic solar
cells, electrons are transferred in orbitals [82]. Figure 2. 10 demonstrates the working
mechanism of an OSC device. The energy difference between HOMO and LUMO qgives the
energy bandgap of the organic solar cell. The bandgap is the minimum photon energy
required for the excitation of electrons from HOMO to LUMO [82].

Cathode/ETL

Acceptor

Figure 2. 10. Working mechanisms of an OSC device [82].

Polymer materials that consist of a donor and acceptor blended with nanostructured
morphology are called bulk heterojunction (BHJ) material. The advantage of the mixture of
donor and acceptor material in BHJ solar cells is one of the best solutions in terms of
performance, because it has a large volume of interaction between the acceptor and the donor,
resulting in more separate paths for the transport of free carriers and efficient charge
separation [25]. The exciton separation at the interface between the donor and acceptor
material and the creation of an electron-hole pairs, generate photocurrent from the incident
light [90].

Three factors that limit the efficiency of an OSCs are: black body radiation, recombination
losses, and spectrum losses [91]. Any material not being able to emit electromagnetic
radiation is referred to as blackbody. OSCs work by absorbing photons and creating an
electron-hole pair. This process contributes to current. Unfortunately, there is a chance that

electrons and holes coming in contact may lead to recombination. This will emit a photon and
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cause a decrease in the efficiency of the solar cell, and it is referred to as recombination
losses. Spectral losses occur due to two factors: firstly, when the wavelengths are longer than
the bandgap energy of the semiconductor, photons cannot be absorbed and do not contribute
to the generation of the photocurrent. Secondly, the energy above and beyond the bandgap
energy is lost because excited electrons in the conduction band will fall back to the band edge
[91].

The commercial applications of OSCs are challenged by the low power conversion efficiency
(PCE). Issues with OSCs are due to the low charge mobility and short exciton diffusion
length [92], hence, restricting the intensity of the absorbed light and the thickness active
layer. The PCE of OSCs is dependent on the thickness of the active layer. Research work has
been done to improve efficiency by increasing the thickness of the absorber layer. However,
the increase in thickness decreases the charge collection efficiency and conductivity of the
device. Therefore, it is important to maintain the thin active layer and carrier mobility
generated. Another alternative method is the use of MNSs with SPR properties. Plasmonic

MNSs have been widely used in OSCs to enhance performance [93].

2.5 Plasmonic solar cells

One of the promising approaches is the use of MNSs with a plasmonic effect that scatter and
absorb light but also confine light within their surrounding surfaces resulting in enhanced
light absorption [94]. Various plasmonic MNSs have been incorporated to improve the
performance of organic solar devices. Nanostructures such as nanoparticles [93], nanospheres
[95], nanowires [96], nanorods [97], and nanostars [97] have been incorporated into different
layers of OSCs. When the nanostructures are introduced to OSCs, it is referred to as
plasmonic solar cells [93]. The use of MNSs has become an interesting solution to increase
the efficiency of OSCs and does not affect the design of the device because it can easily be
added to one of the layers [25]. There are different plasmonic enhancement strategies and
design of OSCs with MNSs.

2.5.1 Plasmonic enhancement strategies
Light absorption can be enhanced by two mechanisms: a near-field enhancement and
increasing of the forward scattering cross-section [98]. These mechanisms are dependent on

the shape, size, and surrounding medium of the MNSs, as well as how they are incorporated
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in solar cell devices. These are factors determine the optical resonances in coupled plasmonic
particles [99]. The plasmonic enhancement in OSCs is achieved via the interaction between
MNSs and the active layer. The use of different mechanisms such as far-field scattering, and
near-field enhancement also help to achieve plasmonic enhancement in OSCs [64].

MNSs incorporated in OSCs layers scatter light in both forward and reverse directions [25].
When light is illuminated in small spherical NPs it results in more scattering in the forward
direction, while large spherical NPs scatter more light in the reverse direction. This is known
as the far-field scattering and it is referred to as light trapping [64]. Light trapping is caused
by the scattering effect, and it can be achieved using large NPs of 100 nm or more.
Parameters such as shape, size, and surrounding medium also contribute to the increased
scattering effect in OSCs [98].

Light will scatter more into the devices with larger permittivity if the MNSs are placed close
to the metal contacts. The metal contact reflects light to the surface, where MNSs are
incorporated. These results increased light scattering in the OSCs as shown in Figure 2. 11(a).
Another way to make use of resonant plasmon excitation in OSCs is the use of local-field
enhancement around the MNSs, which can increase light absorption in the surrounding area
as shown in Figure 2. 11(b) [25]. An electromagnetic field that has more energy than the
incident photon energy and confined at the surface of plasmonic structures is referred to as
the near- fear enhancement. It can increase light absorption and exciton generation, which

improves the photon-to-electron conversion efficiency [64].

(a) MNPs incorporated into the surface of the cell (b) MPS into the layer

Active Layer

HTL
Cathode

Figure 2. 11. (a) Light scattering from MNPs at the surface of OSCs. (b) Excitation of MNPs
added in the OSCs active layer [25].
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There are various designs of plasmonic solar cells. Figure 2. 12 shows different
configurations on solar cells. Plasmonic nanostructures can be used in three different
configurations: on the surface of the cell, embedded into the active layer, and at the bottom
interface between the semiconductor and the metal in the form of scattering nanoparticles
[100]. When MNPs are on the top surface of the solar cell, light is scattered and trapped by
the semiconductor thin film due to high angle scattering, which causes an increase of the
effective optical path length inside the cell. When the MNPs are embedded into the
semiconductor active layer, the strong localization and enhancement of the near field in the
proximity of the particles causes the creation of additional electron-hole pairs within the
semiconductor. When the MNPs are at the bottom interface, a metal grating at the back
surface consisting of a periodic array of nanostructures can couple light to surface plasmon
polaritons (SPP), which propagate in the plane of the semiconductor [101]. It is beneficial to
place MNSs on the rear side of the solar cell, because at the front of the cell they could give
rise to destructive interference and would reflect and absorb a significant amount of incident

light before it reaches the active layer [102].

(a) On the surface i
(b) In the active layer

(c) At the metal-
semiconductor interface

O 00 0 0O

Figure 2. 12. Plasmonic light-trapping configuration for solar cells. (a) MNPs on the top
surface of the solar cell. (b) MNPs embedded in the active layer. (C)MNPs at the
metal/semiconductor interface.

2.5.2 Gold nanostructures in OSCs

There have been several studies about the addition of Au nanostructures to improve the
efficiency of OSCs. Studies have reported the improvement of PCE by embedding MNPs in a
hole transport layer such as PEDOT: PSS which is widely used in solar cells [103, 104]. The
addition of AuNPs into PEDOT: PSS has been found to increase the photocurrent by SPR as
observed in various blend solar cells [105]. For example, Said et al. [28] reported that the

incorporation of AuNPs with different sizes into PEDOT: PSS enhanced the efficiency from
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0.78% to 1.02%. The strong coupling characteristic nature and high stability of AuUNPs have
attracted the solar cell industry to enhance the performance of the device [104]. Shin et al.
reported that embedding large size AuNPs (>70 nm) into PEDOT: PSS resulted in far-field
scattering enhancement, thus the PCE increased from 5.35% to 8.585% [104]. Furthermore,
Stavytska-Barba et al. [103] showed that morphological and chemical changes caused by the
MNPs in PEDOT: PSS layer can contribute to the performance of the OPV cells. In addition,
Jheng et al. used decahedral AuNPs of various sizes into the hole transport layer. The edges
sizes of AuNPs significantly influenced the device performance and improved the PCE from
3.76% to 4.22%. Furthermore, shapes were found to have a huge effect on the efficiency of
the device [106]. In another work, Wu et al. [107] reported Au nanospheres blended into the
anode buffer layer (PEDOT: PSS) to trigger LSPR, which enhanced the PCE to 4.24% from
3.57% without dramatically affecting the electrical properties of the device. Meanwhile, Fung
et al. [108] showed that from their nanoparticles in PEDOT: PSS the optical enhancement
was small due to the strong near-field LSPR. In addition, when the PCE measurements
originated from the interfacial area between hole transport layer and active layer, the shut

resistance is reduced.

Optical enhancement effects from plasmonic MNPs in an active layer have been widely
studied [105]. For example, He et al. reported the improvement of the PCE of an inverted
OSC by the incorporation of Au nanorods into the active layer PCDTBT: PCBM. When the
Au nanorods were incorporated the OSC device showed an enhanced light absorption. This
increased PCE by 6.83%, accounting for PCE of up to 18.9%. Hence, the plasmonic effect
contributes greatly to the performance of the OSC [109]. In another work, Liu et al. [110]
incorporated Au arrowhead nanorods (AHNRS) into the photoactive layer PCDTBT: PCBM
of an inverted solar cell. There was a significant increase in the efficiency of the device by
28.7%, due to the strong plasmonic effect of nanorods. In addition, the use of AuNPs in
PCDTBT: PCBM blend active layer has improved light absorption by scattering of large
nanoparticles (>40 nm) of the incident light, which cause the optical path length to be
significantly increased [105, 111]. These MNPs decreased series resistance in OSC by
increasing charge transport in the photoactive layer [111]. Furthermore, MNPs with different
shapes such as nanoplates and nanowires in the PCDTBT: PCBM layer shows absorption
enhancement due to LSPR and scattering effect, which gives relatively 40% increased PCE
[105].
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Similar studies have been done by incorporating Ag nanostructures in the active layer. For
example, Wang et. al [112] used two types of Ag nanostructures which are Ag nanoplates
and AgNPs. These nanostructures were added into the active layer blend PCDTBT: PC7:BM
of an OSC device. Ag nanoplates showed an increase of the PCE from 5.9% to 6.6%
compared to the AgNPs. In another work, Wang et al. reported the positive effects of Ag
clusters in the PCDTBT: PC7BM active layer of an OSC device. The values of the devices
such as open-circuit voltage (Voc), short-circuit density (Jsc) and fill factor (FF) were
reported to have improved due to the addition of Ag clusters. Hence, light absorption was
enhanced, and charge transport was increased, while resistance was decreased. Ag clusters
(average size of 40 nm) increased the PCE of the device from 6.3% to 7.1% [111].

In some cases, the incorporation of MNSs between the interfaces will affect the PCE of the
OSCs. Wu et al. have reported the addition of Ag nanotriangle (NT) arrays on the ITO
substrate. The PCE was improved from 4.24% to 4.52% due to the increase in exciton
generation caused by the strong local field and scattering generated by the LSPRs of the
AgNTs [94]. However, MNPs between the nanoparticle and active layer contribute exciton

recombination sites which reduces the performance of the device [113].
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Chapter 3

Experimental

3.1 Introduction

The synthesis of different gold (Au) nanostructures was successfully achieved using seed-
mediated growth method. The Au nanostructures were thereafter incorporated into the
PCDTBT: PC7BM active layer. Organic solar cells (OSCs) with TiO> as an electron
transport layer (ETL) and PEDOT: PSS as the hole transport layer (HTL) were fabricated.
This chapter presents the synthesis and characterization of Au nanospheres, nanorods, and
nanoprisms. In addition, the active layer, ETL and HTL were deposited. Fabrication of OSCs,

their 1-V measurements performance under dark and light are also discussed.

3.2 Materials and Substrate cleaning

3.2.1 Materials

Hydrogen tetrachloroaurate (I1l) trihydrate (HAuCls.3H20), cetyltrimethylammonium
bromide (CTAB), sodium borohydride (NaBHa4), L- ascorbic acid, silver nitrate (AgNOs),
trisodium citrate dihydrate (NasCsHsO7), potassium iodide (KI), hydrochloric acid (HCI,
32%) and titanium (1V) isopropoxide (TTIP, 97%) were obtained from Sigma-Aldrich and
used as received. Deionized (DI) water and 1-butanol and chlorobenzene were used as
solvents for all the solution preparations. Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-
di-2-thienyl-2',1',3'-benzothiadiazole)] PCDTBT, [6,6]-Phenyl-Czo-butyric acid methyl ester
(PC70BM), Poly (3,4- ethylene dioxythiophene): polystyrene sulfonate (PEDOT: PSS), and

patterned indium tin oxide (ITO) were purchased from Ossila.

3.2.2 Substrate cleaning
All glassware was cleaned using aqua regia, which is a mixture of hydrochloric acid and
nitric acid in a molar ratio of 3:1. The ITO glass substrates were sonicated with deionized

water, ethanol, and acetone for 10 min each and dried with pressurized nitrogen gas. The ITO
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substrates were then exposed to UV Ozone for 15 min to further remove fatty contaminations
on the surface before spin coating.

3.3 Synthesis of gold nanorods

3.3.1 Preparations of gold seeds

The schematic diagram of Au seed preparation is shown in Figure 3. 1. The Au seed solution
was prepared by dissolving 0.3644 g of CTAB in 10 ml of DI water. This was followed by
addition of 500 pl of 10 mM HAuUCI;.3H-20, and 600 pl of 10 mM NaBH4. The solution
turned to golden orange after 1 h with vigorously stirring. Thereafter, the solution was set to
age at room temperature for 2 h. After 2 h, the precursor solution was used in the preparation
of Au seeds.

500 pl
HAuCla
+
10 ml CTAB Au seeds

NaBHa

—)

Sy

Figure 3. 1. Schematic illustration of the preparations of gold seeds.

3.3.2 Growth of gold nanorods

Figure 3. 2 shows the schematic diagram of the preparation of gold nanorods (AuNRs). The
solution was prepared by dissolving 3.646 g of CTAB in 100 ml of DI water. The solution
became clear and transparent after vigorous stirring. 0.0152 g of HAuCl4.3H20 (5 ml of 10
mM), 0.3 mg of AgNOs3 (0.2 ml of 10 mM), 2 ml of 10.2 M HCI, and 0.0145 g of ascorbic
acid (800 ul of 0.1 M) were respectively added at 27°C with constant stirring at 800 rpm/min
using the magnetic bead. Before the addition of ascorbic acid, the solution was golden orange
and it quickly became colourless, indicating the reduction of the Au®* ions in solution to Au*.

Ascorbic acid is too weak to fully reduce the Au salt without the addition of Au seeds.
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Finally, 240 pl of Au seeds were added, while the mixture was rapidly stirred for 10 s and
restored to 800 rpm/min. After 2 h of stirring, no colour change was observed. After 20 h, the
color changed from colourless to dark purple. AuNRs were separated from the mother
solution by centrifugation at 5300 rpm for 20 min, then washed with DI water 2 times to

remove excess CTAB surfactant which dispersed in DI water.

100 ml +2ml 240 ul Au nanorods
CTAB HCI Au seeds
+5ml
O HAuCls O +800 ul O _——
& 200 pl Ascorbic h er
< 3 AgNOs < J acid C > ours

4 —)

Figure 3. 2 The schematic diagram for preparation of gold nanorods.

3.4 Synthesis of gold nanospheres and nanoprisms

3.4.1 Synthesis of gold nanospheres

The schematic illustration of the preparation of Au nanospheres is shown in Figure 3. 3. Au
seed solution was prepared by mixing 1.6 mg of HAuCls (10 ml of 0.5 mM) with 1.4 mg of
NazCsHs0O7 (10 ml of 0.5 mM) in a beaker. While vigorously stirring, 2.2 mg of NaBH4 (600
ul of 0.1 M) was added to the beaker, which turned the solution to light red. After 2 min the
colour changed to red-maroon, and it was stirred for 5 min at 1000 rpm at 27.9°C. The red-

maroon solution was set for 2 h in the dark before further processing.

10 ml HaucCl,

+ Au

10 ml Na,C.H.O, nanospheres
N1 +600u

cold NaBH4

\_-—.’" ——
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Figure 3. 3. Schematic illustration of the preparations of gold nanospheres.

3.4.2 Synthesis of Au nanoprisms

3.4.2.1 Stock growth solution

A 20 ml stock growth solution containing 1.3 mg HAuCIls (10 ml of 2.5 x 10* M) and
0.36445 g CTAB (10 ml of 0.1 M) was prepared in a beaker. It was stirred and heated at 50°C
for 10 min to dissolve CTAB. After 10 min, the solution was clear orange in colour. The

solution was then cooled to room temperature for 15 min before being used.

3.4.2.2 Growth of Au nanoprisms

Figure 3. 4 presents the schematic diagram used for the preparation of Au nanoprisms. 1.0 mg
of KI (5 ml of 100 pM) was added to the 20 ml stock solution. The solution was stirred at 250
rpm for 10 min while the temperature was maintained at 15°C and a light-yellow colour was
observed. After the freshly prepared 7 mg ascorbic acid (400 ul of 0.1 M) solution was
added, it became colourless and was stirred for 10 min. 50 pl of Au seeds were added and
stirred for 20 min until the colour was dark purple. The dark purple solution was placed in a

water bath at (27°C) and kept overnight. It was later centrifuged for 10 min at 1600 rpm.

20 ml 50 pl
Growth Solution ~ THICSEREAE3

) ¢ )
+5ml ) \_./ + 400 pl \/
Potassium Ascorbic
lodide acid € _

S’ S —

Au nanoprisms

*m

“u

The active layer blend solution was prepared by dissolving PCDTBT and PC7BM in a ratio

Figure 3. 4. Schematic diagram for the preparations of gold nanoprisms.

3.5 Fabrication of the solar cell

3.5.1 The blend PCDTBT: PC70BM deposition

of 1:4 in chlorobenzene. The blend was stirred at 500 rpm at 25°C for 12 h using a magnetic
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stirrer and thereafter filtered using a 0.01 pm filter before spin coating. Three different
nanostructures such as Au nanospheres, nanorods, and nanoprisms (1% v/v each sample)
were drop-casted into the glass substrate to prepare thin films, and the PCDTBT: PC70BM
was spin-coated at 700 rpm for 30 s and dried in a vacuum oven at 70°C for 10 min. The
active layer of the solar cell was prepared by spin-coating PCDTBT: PC70BM (1:4) in
chlorobenzene onto titanium dioxide (TiO2) coated substrate, and the films were dried in a
vacuum oven at 70°C for 10 min. Au nanospheres, nanorods and nanoprisms with volume

ratio of 1% v/v were added between TiO,and PCDTBT: PC7BM layers.

3.5.2 TiO2deposition

The precursor solution of compact TiO- layer of 0.3 M was prepared by mixing 5 ml of 1-
butanol and 0.55 ml of titanium diisopropoxide all sourced from Sigma-Aldrich. The compact
TiO2 was deposited by spin coating the 0.3 M precursor solution into the ITO at 3000 rpm for
30 s. The films were dried in an oven for 5 min at 125°C. The experiment was repeated once

before annealing in a furnace at 500°C for 30 min to form the electron transport layer.

3.5.3 PEDOT: PSS deposition

PEDOT: PSS was sourced from Ossilla in a solution form. The hole transport layer was
deposited by spin-coating PEDOT: PSS onto the active layer at 3000 rpm for 40 s. The film
was dried on a hot plate at 150°C for 15 min. The 80 nm silver (Ag) metal was deposited as

top contact using thermal evaporation at the pressure of 5.5 x 10 mbars.

3.6 Characterization

3.6.1 Ultraviolet-Visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is an equipment used to determine the light
absorption across the ultraviolet and visible ranges of the electromagnetic spectrum [1]. The
UV-Vis absorbance causes the excitation of electrons from a low-energy state to an excited
state. When incident light strikes a material, absorbance, transmittance, and reflectance can
take place. The sample is illuminated with electromagnetic rays ranging from 200 - 400 nm

for ultraviolet and 400 - 700 nm for visible is used. The UV-Vis absorption is analyzed by
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measuring the intensity of light before (lo) and after the sample (1) is placed in the light path
[2]. Figure 3. 5 present the schematic diagram of the UV-Vis spectrophotometer.

In this study, the absorbance measurements of AUNSs and PCDTBT: PCBM thin films were
obtained using Agilent Cary 60 UV-Vis spectrophotometer. Before the measurements,
baseline correction was done using deionized water (solvent for Au nanostructures) and a
clean glass substrate for the thin films. After the baseline and zero correction, the solution of
Au nanostructures was poured into the cuvettes using a dropper, and then placed into the
sample holder for measurement. A different sample holder was used for the measurements of
absorbance of PCDTBT: PCBM thin films to avoid contaminations.

UV- Vis light
source

Diffraction grating |
Mirror 1

Slit 2 Slit 1

UV- Vi light
source

Mirror 4 Reerence beam - 0

Lens e

Half mirror Reference
/ sample
Mirror 2 Detector and Computer

Figure 3. 5. Schematic diagram of UV-Vis spectrophotometer.

3.6.2 X-ray diffraction

X-ray diffraction (XRD) is a technique used for studying the structural properties of
materials. This is done by determining the crystal structure, size, defects of materials, and
lattice parameters. Also, the XRD can give more information if material prepared is
amorphous, crystalline, and has unit cell dimensions. When an x-ray beam with a particular
wavelength strikes a sample at an incident angle 6, constructive interference takes place when

Bragg’s law is satisfied as in equation 3. 1 [3]

nA = 2dSin @ 3.1
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where n is the integer, 4 is the wavelength, d is the spacing between diffracting planes and &
is the incident angle. To calculate the crystallite size Debye-Scherrer’s formulae presented by

equation 3. 2 and equation 3. 3 were used to calculate lattice parameters and crystallite sizes:

_ K2 3.2
L cos@

1
a=dh? +k? +12)2 33

where D is the crystallite size, K is the dimensionless shape factor, 4 is the X-ray wavelength,
£ is the full width at half maximum, @ is Bragg’s angle, a is the lattice constant, d is d-spacing
and (hkl) is the miller indices [4]. The schematic diagram of the XRD machine and
components is shown in Figure 3. 6. In this study, the German Bruker D2 Phase X-ray
diffractometer with CuKa radiation (1.5418 A) source and 20 range of 20°C to 80°C was
used. Au nanostructures were dried on the glass substrate since the equipment cannot run

liquid samples prior to measurements. The other thin films were used as prepared.

Receiving Slit

Diverging Slit

X-ray Source

X-ray Detector

Sample Stage
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Figure 3. 6. Schematic diagram of XRD components.

3.6.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive and non-invasive technique that is used to assess
molecular vibrations and has potential as an analytical method in the characterization of
materials in any state (solid, liquid, gas) [5]. Raman spectrum can be used for crystalline
materials (phonon interaction) and organic substances (functional groups fingerprinting),
amorphous, polymers, and liquids depending on the strength of Raman modes. Raman
scattering is an inelastic scattering, whereby the kinetic energy of an incident photon is
increased (stokes Raman scattering) or reduced (anti-stokes Raman scattering) during an
interaction [6]. It depends on the inelastic scattering of electromagnetic radiation by
molecules or atoms. The scattering of the photons with different frequencies from the light is
due to the inelastic scattering. These two scattering processes are Rayleigh and anti-strokes

scattering.

The light from the laser source interacts with the sample emitting radiation, which is then
collected by lens, and passed as a signal into a grating monochromator. This signal is
therefore measured by a photomultiplier tube camera before being processed by a computer
which depicts the intensity against the Raman Shift spectrum. Figure 3. 7 presents a
schematic diagram of the Raman spectroscopy setup. In this study, WiTec alpha300 RAS+
confocal Raman microscope with a 532 nm excitation laser was used. Before doing the
measurements AuNSs were dried on a glass substrate and for thin films were spin-coated,

then placed in the sample holder.

©@ OO

Laser

Incident light

Raman Probe

Objective

Computer
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Figure 3. 7. Schematic diagram of the Raman spectroscopy setup.

3.6.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is an equipment used to study the elemental
composition, oxidation states of elements, bond distances, morphology, symmetry, and nano
porosity [7]. Compared to light microscopes, electron microscopes generate images of
material microstructure with higher magnification and resolution. The high resolution of
electron microscopes results from electrons short wavelengths. The wavelength of electrons
is about 10 000 times shorter than that of visible light [3]. TEM is made up of different
components along its optical paths which are: light source, condenser lenses, specimen stage,

objective lenses, and projector lenses.

The electron gun is used to generate a high-energy electron beam for illumination. The
electron’s energy determines the wavelength; hence the acceleration voltage determines the
resolution. The higher the acceleration, the higher the resolution. Electromagnetic lenses
utilize the electron charge interaction to produce a high-energy beam. The other lenses
(condensing lenses) are used to decrease the magnification of the electron beam produced.
The objective, intermediate, and projector lenses are used to control the magnification.
Intermediate lenses are used between the diffraction mode and image mode [8]. The
schematic diagram of TEM is shown in Figure 3. 8. In this work, the morphology of the
nanostructures was studied using JEM-2100F Field Emission transmission electron (FE-
TEM). The gold nanostructure solution was sonicated for 15 mins before being drop-casted

into the copper grid and left to dry.
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Figure 3. 8. Schematic structure of transmission electron microscope (TEM) and the optical
path.

3.6.5 Scanning electron microscopy

Scanning electron microscope (SEM) is the widely used type of electron microscope. It
determines microscope structure by scanning the surface of materials like the scanning
confocal microscopes but with much higher resolution and greater depth of field. SEM image
is formed by a focused electron beam that scans over the surface area of the specimen [3].
The magnetic lenses are used to focus the electrons to a spot. The main components of SEM

include electron gun, condenser lenses, objective lenses, vacuum pump, detectors, control
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balance, and monitor. The backscattered electrons are used for performing SEM
measurements due to their low energies and determining the brightness of the signal. Figure
3. 9 shows the schematic diagram of SEM and its components. In this study the Field
emission scanning electron microscope (Zeiss cross beam 540 FE-SEM microscopes)
operating at 2 Kv was used. Before analyzing the samples in the SEM machine, they were
coated using carbon to reduce the charging effect and enhance the surface conductivity from

the incoming electron beam.

Electron —_—
source

Scan generator

Anode =i
Condenser Com puter
lenses
Ob jective Lens > \_ ) / i i
H X, Y scan
coils Amplifier

Back- scattered electron |
detector ,

Secondary electron
detector

X-ray detector ~

Sample

Motorized stage
Figure 3. 9. Schematic diagram of a scanning electron microscope.

3.6.6 Energy- dispersive x-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a technique used to identify the elements or
elemental composition present in any given material. It is usually coupled with SEM or TEM.
The EDS microanalyzer in an electron microscope uses a primary electron beam to excite the
emission of characteristics X-rays from the sample atoms. It can also examine chemical

compositions in a microscopic area since the electron beam can be focused onto the area on a
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sample [3]. The elements in the materials are obtained when the EDS detector separates the
x-rays of different elements into the energy spectrum. The spectrum has the peak intensity (x-
ray count) against energy (KeV). In this study, EDS (oxford instruments) coupled with SEM,
operating at 20 Kv using Aztec 3.0 SPI software was used for elemental composition.

3.6.7 Current density-voltage (J-V) measurement of the solar cells

Figure 3. 10 present the setup I-V system. In this study, dark current-voltage measurements
were conducted in a dark room using the automatic I-V system from Ossila. The light
measurements were performed under a solar simulator (Oriel LCS-100™ Small Area So11A
Series, Newport) with simulated solar output conditions of 100 mW/cm? and AM1.5 G
reference spectral filtering and the automatic I-V system. This was used to measure the

performance of the solar cells.

Figure 3. 10. A picture of the I-V system with the Oriel Cornerstone Newport solar simulator
used in I-V measurements.
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Chapter 4

Results and discussion

4.1 Introduction

In this chapter, results obtained from the synthesis of gold (Au) nanostructures using the
seed-mediated method are reported. These Au nanostructures (nanospheres, nanorods, and
nanoprisms) were incorporated into the PCDTBT: PC70BM active layer of the solar cell. A
comparative study on the effect of different Au nanostructures on the performance of
PCDTBT: PC7BM solar cells was performed. The active layer of organic solar cell, hole
transport layer and electron transport layer were spin-coated individually and characterized.
The fabrication of the solar cell, current-voltage (I-V) measurements, and solar cell
parameters of the pristine device and related plasmonic devices are also discussed in this

chapter.

4.2 Optical, structural, and morphological properties of gold nanostructures
synthesized by the seed-meditated method.

In this section, the results from the synthesized Au nanostructures (nanospheres, nanorods,
and nanoprisms) by the seed-mediated growth method are presented. The optical, structural,
and morphological properties of Au nanospheres, nanorods, and nanoprisms are discussed.
XRD spectra showed the face-centered cubic (fcc) crystal structure and Raman spectroscopy
showed sharp and strong vibrational modes for Au. UV-Vis shows a red shift in the
absorption of Au nanostructures, observed from 395 to 629 nm. On the other hand, SEM and
TEM confirmed the shapes and sizes of Au nanostructures and Au seeds and nanospheres
with average sizes of 4 and 6 nm, respectively. The average edge length of 68 nm for Au
nanoprisms while the Au nanorods had a length of 70 nm and a width of 40 nm (aspect ratio
of 1.9).

4.2.1 Optical properties

Au nanostructures absorb light in the ultraviolet and visible regions due to surface plasmon
resonance. The UV-Visible absorption spectra of Au nanostructures are presented in Figure
4.1. From this study, an absorbance peak of 395 nm was obtained for Au seeds. For Au

nanospheres (AuNSs), a broader absorbance peak of 511 nm was observed. Au nanoprisms
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presented a broader and low-intensity absorbance peak of 543 nm. Two absorbance peaks
were observed for Au nanorods (AuNRs). The transverse plasmon peak was 528 nm and the
longitudinal plasmon peak was 629 nm, confirming that AuNRs of large sizes were
successfully synthesized. In this study, a red shift in the absorption spectra was noted for Au
seeds, NSs, NRs, and nanoprisms. As the sizes of the different Au nanostructures increased
the wavelength also increased, with Au seeds being the smallest and AuNRs the largest.

The plasmonic absorption peaks of the Au nanostructures obtained in this study are similar to
what other researchers have reported [1, 2]. For example, Zhuang et al. reported the synthesis
of gold nanoparticles (AuNPs) using the seed-mediated method. The results showed that
AUNSs had an absorption peak at 530 nm. AuNRs had two absorption peaks at 520 and 780
nm, due to the transverse and longitudinal plasmon absorption, where the peaks were broader
and more intense. The concentration of AuNPs has been standardized by absorption [1].
Another study by Hailey et al. reported Au nanoprisms absorption peaks at 526 nm and a
second extended peak at 774 nm was observed. The absorption peaks depend on the shape
and sizes of AuNPs [2].
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0.8 - AuNspheres
311 nm AuNPrisms
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©
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Figure 4.1. UV-Vis absorption spectra for Au seeds, nanospheres, nanorods, and nanoprisms.
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4.2.2 Surface morphology

4.2.2.1 TEM analysis

TEM images of Au nanostructures confirm that Au NSs, NRs, and nanoprisms were
successfully synthesized using the seed-mediated approach method. Figure 4.2(a) and (b)
show Au seeds and AuNSs with an average diameter of 4 and 6 nm, respectively.
Monodisperse and well-formed shape AuNRs are presented in Figure 4.3 and the length of 70
nm and width of 40 nm was determined as shown by the histogram in Figure 4.4, giving the
aspect ratio of 1.9. The TEM micrographs of Au nanoprisms are presented in Figure 4.5.
Most of the nanoprisms have an edge length of 68 nm, although smaller and larger prisms
were observed. The shape is well-formed with no sharp edge tips.

Similar studies have been reported by other researchers. For example, Cramer et al. reported
the synthesis of AUNSs and Au seeds by using the seed-mediated method. The Au seed had
an average size of 4 nm and AuNSs had average sizes ranging from 5-8 nm [2]. Huei et al.
[3] reported mini AuNRs with tunable longitudinal surface plasmon resonance from 600 -
1300 nm. A seed-mediated growth method and two weak reducing agents were used to tune
the aspect ratios of the mini AuNRs from 2.2 to 10.5. The mini AuNRs had a length size
ranging from 19.3 to 21.7 nm and a width size range of 9.0 - 5.8 nm. Mojie et al. [4] reported
the role of halide ions in the seed-mediated synthesis of Au nanoprisms. Au seeds had an

average size of 5.2 nmand Au nanoprisms had an average edge length of 145 nm.
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Figure 4.2. TEM images of (a) Au seeds with an average size of 4 nm and (b) Au
nanospheres with an average size of 6 nm.
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Figure 4. 4 Histogram for Au nanorods (a) width and (b) length.

Figure 4.3. TEM images for Au nanorods with length x width of 70 x 40 nm (aspect ratio

1.9).



Figure 4.5. TEM images of Au nanoprisms with an edge length of 68 nm.

4.2.2.2 SEM analysis

Figure 4.6 shows the SEM images of Au nanostructures. The micrographs revealed that the
synthesized AuNPs consist of Au seeds, nanorods and nanospheres. Au seeds which were
used to synthesize AUNRs, revealed small, aggregated particles with a grain size of 2.6 nm,
as shown in Figure 4.6(a) and AuNRs in Figure 4.6(b) with an aspect ratio of 1.9, confirming
that the sample had good surface morphology and grain size of 130 nm. The obtained grain
size was largely due to the large size of the AuUNRs. For AuNSs in Figure 4.6(c), spherical
nanoparticles with a grain size of 14 nm were observed. Figure 4.6(d) shows Au nanoprims
sample with a grain size of 14 nm, desired shape of triangular nanoprisms was not observed
but only impurities that resembled rods-like and spherical were seen. Figure 4.7 shows the
Gaussian fit of Au NRs, NSs, and nanoprisms. From the fitting, the distribution size increased

as the shape of AuNRs revealed the highest diameter while Au seeds were the smallest. The

Energy-dispersive X-ray spectroscopy (EDS) shown in Figure 4. 8, confirmed the presence of



Au in the solution of all samples. The other peaks are associated with the glass substrate that
was used in drying the samples.

Figure 4.6. SEM images for (a) Au seeds, (b) Au nanorods, (c) Au nanospheres, and (d) Au
nanoprisms.
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4.2.3 Structural properties

4.2.3.1 Raman analysis

Raman peaks of Au nanostructures are presented in Figure 4.9. The synthesized
nanostructures showed sharp and strong Raman vibrational modes. For AuNSs, the Raman
peaks at 562, 781, 955, and 1097 cm™ were obtained. The 1097 cm® was the most intense
peak for that sample. Au nanoprisms showed peaks at 562, 782, 955, and 1097 cm™. The
peak at 1097 cm? is more intense than that of Au nanospheres and this can be due to the
increase of the size of the particles. Au seeds revealed peaks at 774, 948, 1072, 1137,1307,
1451, 1477, and 1607 cm™, AuNRs showed peaks at 773, 944, 1072, 1137, 1306, and 1583
cm. The integrated surface-enhanced Raman signal (SERS) signal for each type of Raman
sample shows that the maximum surface-enhanced Raman signal was obtained from samples
of different shapes [5]. SERs occur when a nanoparticle exhibits a LSPR under
electromagnetic wave irradiation. At the resonance frequency, the electrons of the
nanoparticle start to oscillate generating an intense new localized electric field called near-
field enhancement during an optical exposure, usually known as a confined or trapped

electromagnetic field [6].
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Figure 4.9. Raman spectra of (a) Au seeds and nanorods, (b) Au nanospheres and nanoprisms.

54



4.2.3.2 XRD analysis

Figure 4. 10 represents the XRD analysis of Au nanostructures. The XRD patterns for Au
seeds and NSs revealed diffraction peaks at 37.3, 43.6, 63.9, and 76.9° 2-theta angles that
correspond to (111), (200), (220), and (311) planes, respectively as shown in Figure 4. 10.
AuNRs showed peaks at 37.3, 43.6, 63.9, and 76.9° 2-theta angles, corresponding to (111),
(200), (220), and (311) planes, respectively of Au according to JCPDS card #04-0784 [7].
These planes show the reflection planes of the face-centred-cubic (fcc) of Au. For Au
nanoprisms, the peaks at 37.3, 43.6, 63.9 and 76.9° corresponding to (111), (200), (220), and
(311) planes respectively, which belongs to face-centred-cubic (fcc) metallic Au structure
(ICCD, PDF2 65-8601) [4] in Figure 4. 10(b). The Au peaks at (111) and (200) are more
intense than the other peaks and were used to calculate the crystallite sizes and lattice
constants for both AUNRs and Au nanoprisms. The crystallite size and lattice constants were
calculated using Debye-Scherrer equation 4. 1 while equation 4. 2 was used to calculate
lattice constants [8].

5 K2 4.1
" FWHM cos 6

1
a=dR +k +12)2 4.2

where D is the crystallite size, K is the dimensionless shape factor, 4 is the X-ray wavelength,
FWHM is the full width at half maximum, @ is Bragg’s angle, a is the lattice constant, d is d-
spacing and (hkl) is the miller indices. The results showed that the average crystallite size of
Au seeds was 25.9 nm with a lattice constant of a = b = ¢ =3.8 A and for AuNSs was 25.3 nm
and lattice constant of a = b = ¢ =3.8 A. For AuNRs, the average crystallite size was 14.4 nm
with lattice constants a =b = ¢ = 4.15 A and 11.4 nm was obtained for Au nanoprisms with
lattice constants @ = b = ¢ = 4.10 A. In the same way, Ogundare et al. [8] discussed the
crystallite size determination of thermally deposited AuNPs. The average crystallite size of

AUNPs deposited on the glass slide was 14.4 nm with lattice constants: a =b = ¢ = 4.0789 A.
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Figure 4. 10 XRD spectra of (a) Au nanospheres and seeds, (b) Au nanorods and nanoprisms.

4.3 Properties of PCDTBT: PC7BM layer with Au nanostructures.

In this section, the results from the preparation of PCDTBT: PC7BM thin films by a spin
coating method and addition of Au nanospheres, nanorods, and nanoprisms by drop-casting
are presented. The optical, morphological, and structural properties of PCDTBT: PC70BM
thin films with and without Au nanostructures are discussed. UV-Vis showed the absorption
maxima of the thin films at 378, 470, and 564 nm for all the samples at different intensities.
Raman studies showed vibrational modes that confirmed that the polymer was dominant, and
no crystalline domains were observed. From SEM images, the compact layer, well-dispersed
particles, and the pin-holes defects were observed. EDS confirmed that Au nanospheres,

nanorods, and nanoprisms were successfully added to the thin film PCDTBT: PC70BM.

4.3.1 Optical properties

UV-Vis spectroscopy was used to measure the optical properties of PCDTBT: PC7BM thin
films in the wavelength ranging from 300 to 800 nm to obtain absorbance. Figure 4.11 shows
the absorbance for the PCDTBT: PC7BM (1:4) layer that has different Au nanostructures.
The spectra showed similar broad light absorption for all the samples. It was observed that
the most intense absorption is in the ultra-violet region. However, the reference PCDTBT:
PC70BM layer show three absorbance maxima at 378, 470, and 564 nm. The PCDTBT:
PC70BM with AuNSs had the same intensity but different absorbance at 378, 470, and 567
nm. On the other hand, the layer with AuNRs had absorbance peaks at 380, 478, and 571 nm
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with higher intensity compared to the reference and layer with AuNSs. The layer with Au
nanoprisms showed high intensity than the other samples but the absorbance peaks (379, 473,

and 560 nm) were similar.

The solar energy conversion efficiency depends on the steady-state absorption spectral
properties of the PCDTBT: PCBM active layer [9]. Similar results have been reported by
Song et al. on their UV-Vis absorption spectra of polymer blend (PCDTBT: PCBM) film
with and without Au nanobumb structures. It was observed that films with Au nanobumb
structures consistently absorb more light compared to films without, within 450 - 650 nm
wavelength range [10]. For instance, He et al. [11] showed the UV-Vis absorption spectra of
PCDTBT: PCBM blend films with AuNRs and it showed great optical absorption covering
the wavelength range of 350 and 700 nm. Partly, attribute the enhanced optical absorption to
LSPR and scattering effect of AuUNRs. The low absorption for the active layer with AuUNSs
could be due to degradation taking place, according to Mohammadnezhad et al. [12].
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Figure 4.11. UV-Vis absorption spectra of active layer PCDTBT: PC70BM layer with
incorporated Au nanostructures.
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4.3.2 Structural properties

Figure 4.12 presents Raman spectroscopy of PCDTBT: PCzBM active layer with Au
nanostructures and the sample scan that ranged from 300 to 800 cm™. The spin-coated active
layer thin films revealed sharp and strong vibrational modes. The vibrational modes of the
samples were 573, 774,1102, 1376, 1447, and 1596 cm™. These prominent vibrational modes
observed confirm that polymer vibrations are dominant. For instance, Fuchs et al. [13]
reported similar Raman results of PCDTBT: PCBM with ratios of 1:1 and 1:4. The
vibrational modes with the highest Raman intensities were observed at 1272, 1340 - 1390,
and 1527 cm™. The assigned vibrations are considered the blend PCDTBT: PCBM, which is
commonly used as the active layer.
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Figure 4.12. Raman spectra of PCDTBT: PC7oBM active layer with Au nanostructures.

XRD was used to study the structure of the active layer with incorporated AuNSs with the 26
angle that ranged from 25° to 70°, as shown in Figure 4.13. The XRD peaks for the PCDTBT:
PC70BM with and without Au nanostructures were very small. The sample with only

PCDTBT: PC7BM and layer with AuUNRs showed the same peak at 27°. The XRD patterns
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of a layer with AuNSs had peaks at 29, 38, 43, 47, 52, and 57° Similar peaks were observed
for the layer with Au nanoprisms at 30, 34, 37, 38, 45, and 50°. These two samples had two
diffraction peaks at 38° and 43° that indicates the presence of Au. The XRD results show that
no crystalline domains were present in the PCDTBT: PC70BM active layer, indicating that the
layers may have been amorphous [14]. Similar results were reported by Huh et al. The XRD
peaks of PCDTBT: PCBM layers showed only broader patterns between 12° and 40°, which
indicate no crystalline structures [15].
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Figure 4.13. XRD spectra of PCDTBT: PC70BM with and without Au nanostructures.

4.3.3 Surface morphology

The morphology of PCDTBT: PC7BM with and without Au nanostructures is presented in
Figure 4.14. There was an increase in grain size with the variations of shapes from an active
layer without nanostructures to an active layer with AuUNRs. The active layer is compact, and
the particles are very well dispersed. The reference PCDTBT: PC7;0BM layer had good
morphology and compact particles with a grain size of 17.28 nm. Also, there were pinholes
defects observed on the PCDTBT: PC70BM layer. For PCDTBT: PC70BM with AuNSs, the
morphology was similar to the reference active layer and the obtained grain size was 15.86
nm. In the same way, the layer with AUNRs and Au nanoprisms had grain sizes of 34.51 and
20.23 nm, respectively. Figure 4.15 shows the Gaussian fit for the active layer with and

without AuNSs, NRs, and nanoprisms. From the fitting, the distribution increased as the layer
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with AuNRs revealed the highest diameter. To confirm the incorporation of Au
nanostructures in the active layer, the energy-dispersive X-ray spectroscopy (EDS) shown in
Figure 4.16 was used. All the spectrums showed Au peaks which confirmed that Au

nanostructures were successfully added to the active layer.

Figure 4.14. The SEM images of PCDTBT: PC7BM with (a) without nanostructures, (b) Au
nanospheres, (c) Au nanorods, and (d) Au nanoprisms.
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Figure 4.16. The EDS for active layer (AL) PCDTBT: PC70BM with (a) Au nanospheres (b)
Au nanorods and (¢) Au nanoprisms.
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4.4 Structural, optical, and morphological properties of TiO; electron transport
layer.

The results from the preparation of TiO2 thin films by the spin coating method are discussed
in this section. The optical, structural, and morphological properties are presented. XRD
confirmed the tetragonal crystal structure and anatase phase of TiO2 by showing 20 peaks at
25, 37, 51, 61,70, and 78°. Similarly, Raman spectroscopy showed four characteristics with
symmetries at Eg, B1g, A1g, and Egand these active modes confirmed the anatase TiO2 phase.
UV-Vis absorption maxima at 313 nm were observed. From SEM images the thin film
surface was uniformly distributed and compact, the calculated average grain size was 14.61

nm.

4.4.1 Structural properties

XRD was used to confirm the crystal structure of TiO2 thin films. Figure 4.17 shows the XRD
pattern of the TiO2 layer on fluorine-doped tin oxide (FTO) substrates. All the phases of TiO>
were confirmed with the correct indexing in their 20 angles. The diffraction peaks at 25.1,
37.7, 51.6, 61.5, 70.7 and 78.2° corresponding to (101), (004), (200), (105), (204), (220) and
(301) planes, respectively. These planes confirm the anatase TiO; phase according to JCPDS
card no. 21-1272. From Figure 4.17, peak (101) was used to calculate the crystallite size by
the Debye-Scherrer formula, and the lattice parameters were obtained. The results showed
that the average crystallite size is 22.85 nm, and the lattice parameters are a = b =3.769 A
and ¢ = 9.429 A, which confirms the tetragonal crystal structure of TiO2. These results are
similar to those reported in the literature. Ba-Abbad et al. [16] reported the XRD spectra of
TiO2 with a weak diffraction peak at 26.48°, which corresponds to the (101) plane of anatase
phase according to JCPDS no. 21-1272. In the same way, Theivasanthi et al. reported that the
experimental XRD pattern agrees with the JCPDS no. 21-1272, and the strong diffraction
peaks at 25° and 48° indicate the TiO2 anatase phase [17]. Another study by Challagula et al.
reported the formation of pure phase tetragonal anatase TiO, For the (101) plane, the
crystallite size was 15.0 nm, and the lattice parameters were obtained to be a = b = 3.7794 A
and ¢ = 9.4984 A [18].
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Figure 4.17. X-ray diffraction patterns of TiO>.

Raman spectroscopy was used to confirm the crystal structure of TiO2 thin films. Figure 4.18.
Raman spectrum of TiO». reveals the structural information from Raman spectra. Four
characteristics of Raman active modes with symmetries Eg, B1g, A1g, and Eq were observed at
153, 406, 525, and 648 cm™, respectively. These characteristics vibrational frequencies and
their intensity ratios confirmed the anatase TiO2 phase [19]. Challagulla et al. reported
structural information for the TiO, anatase phase at 134, 382, 500, and 618, which
corresponds to Eg, B1g, A1g, and Eq4 vibrational modes, respectively [18]. Similarly, Frank et
al. reported the Raman spectra of anatase TiO. with corresponding isotopes mutations
(Tit%0,, Tit’0O,, Tit®0,) measured at 295 K and 5 K. The Raman active modes Eg4 (1), Eq (2),
B1g (1), B1g (2) + Aigand E4(3) were observed [20].
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Figure 4.18. Raman spectrum of TiOa.

4.4.2 Optical properties

UV-Vis spectroscopy was used to measure the absorbance of TiO; thin films prepared by the
spin coating method. There was a relatively highest absorbance of this film in the ultraviolet
region, hence it is used as the electron transport layer (ETL). Figure 4.19 present the
absorption maxima at 313 nm for anatase TiO.. There was only one absorption peak that
confirms the absorbance of the anatase TiO2 phase. This is similar to the results obtained by
Al-Oubidy et al. who reported the absorption spectrum of TiO, which showed moderate
absorption wavelengths shorter than 300 nm to reach its maximum at 310 nm. The

absorbance rapidly dropped to reach its minimum at 400 nm [21].
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Figure 4.19. UV-Vis spectrum of TiOx.

4.4.3. Surface morphology

The surface morphology and grain size of the prepared thin film were obtained by scanning
electron microscopy (SEM). Figure 4.20(a) presents the SEM image of anatase TiO2 which
indicates that the particles are uniformly distributed, crack-free, homogenous in size, and
small. The average particle size was 14.61 nm. A study by Al-Oubidy et al. reported results
of TiO2 SEM images with good morphology and average particle size ranging from 5 - 7 nm
[21]. A typical cross-section SEM image of TiO2 ETL is presented in Figure 4.20(b). The
thickness measured was 500 nm. The TiO: film has a very well-defined column, structure in
its entire thickness. Another study conducted by Parreira et al. reported the SEM results of
TiO; with a thickness of 2 um and it was evident that the thin film has a well-defined
structure and thickness [22].
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Figure 4.20. SEM images of TiO> thin film (a) top view and (b) cross-section.

4.5 Structural, optical, and morphological properties of PEDOT: PSS hole
transport layer.

The results from the preparation of PEDOT: PSS thin films by spin coating method were
obtained and discussed in this section. It presents the structural, optical, and morphological
properties of PEDOT: PSS thin film. The UV-Vis spectroscopy showed an absorption peak at
310 nm. Raman spectroscopy revealed strong vibrational peaks at 1254, 1443, 1508, and
1570 cm™. SEM images showed good morphology. From XRD no diffraction peaks were
observed due to the amorphous nature of PEDOT: PSS.

UV-Vis spectroscopy was used to measure the optical absorption of the spectrum of PEDOT:
PSS in the wavelength range of 300 to 800 nm. Figure 4. 21(a) shows the absorption
spectrum of PEDOT: PSS thin film within the UV-Visible range. A peak in absorbance was
observed at 310 nm. The PEDOT: PSS film has negligible absorbance as clear from where
the light was observed. A study by Mustafa et al. reported similar UV-Vis spectra with no
clear absorption of PEDOT: PSS [23]. In the same way, the optical property of the PEDOT:

PSS peak is in the wavelength area of ~300 nm as Susanti et al. reported [24].

Raman spectroscopy was used to analyze the structural properties of PEDOT: PSS [25].
Figure 4. 21(b) presents the Raman spectroscopy of PEDOT: PSS thin films with the sample
scan that ranged from 1000 and 1800 cm™. The vibrational peaks at 1254, 1443, 1508, and
1570 cm™ modes were observed. These vibrational peaks attribute to C,-C,’ inter-ring
stretching vibration, C, = Cg symmetric stretching vibration, and asymmetrical stretching
vibration [25]. A study by Xiong et al. reported Raman spectra of PEDOT: PSS films. The
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major characteristic peaks of PEDOT: PSS were observed between 1200 and 1600 cm™. The
three principal peaks obtained are 1265, 1444, and 1506 cm™ [26].

Figure 4. 21(c) presents the surface morphology of PEDOT: PSS thin film which was
obtained by using SEM. The morphology was homogenous, and the nanoparticles observed
were well dispersed. Susanti et al. reported the morphology of PEDOT: PSS with a good
surface [24]. Figure 4. 21(d) represents the XRD pattern for PEDOT: PSS. There were no
diffraction peaks observed for ETL PEDOT: PSS polymer due to the amorphous nature [27].
Sayyad et al. reported the XRD diffraction pattern of PEDOT: PSS with and without doping.
In the XRD spectra, PEDOT: PSS without doping had no diffraction peaks compared to a
layer with doping [28].
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Figure 4. 21. The properties of PEDOT: PSS thin film (a) UV-Vis spectra, (b) Raman spectra,
(c) SEM image, and (d) XRD pattern.
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4.6 Electrical properties of PCDTBT: PCBM organic solar cells

From the previous sections, all the layers were used to fabricate organic solar cells (OSCs).
TiO>was used as an ETL (500 nm), PCDTBT: PCBM active layer with approximately 70 nm
thickness, PEDOT: PSS as the HTL (62 nm), and 80 nm silver (Ag) contacts as back
contacts. Figure 4.22 present the schematic diagram of the OSCs devices, pristine (without

nanostructures), and plasmonic devices.
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PEDOT:PSS PEDOT:PSS

ITO ITO

Figure 4.22 Schematic diagrams of fabricated OSCs (a) reference, with (b) Au nanospheres,
(c) Au nanorods, and (d) Au nanoprisms.

In this section, the results of the fabricated PDCTBT: PC7BM with and without Au
nanostructures by spin coating method are reported. The electrical properties of pristine
OSCs and plasmonic devices are discussed. The pristine devices had an efficiency of 2.04%
immediately after fabrication which was higher compared to plasmonic devices with 1.19,
0.92, and 0.32% for the device with AuNSs, AuNRs, and Au nanoprisms, respectively. After
a month, the efficiency of the pristine and device with AuNSs increased to 2.80 and 1.72%,
respectively. The plasmonic device with AuNSs showed an LSPR effect due to the slight
increase in current density, even though the efficiency is still lower than the pristine. While

the device with AuNRs and Au nanoprisms decreased to 0.83 and 0.23%, respectively. It was
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also observed that the change of pixel area from 0.010 to 0.001 cm? in the 1-V solar system

causes the performance to be enhanced drastically.

4.6.1 Electrical properties

Figure 4.23 shows current density (J-V) characteristics of the fabricated ITO/TiO,/PCDTBT:
PC70BM/PEDOT: PSS/Ag organic solar cells with and without Au nanostructures under
illumination with 100 mW cm™. The device parameters such as short-circuit current (Js),
open-circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) are
summarized in Table 4.1. These parameters are defined by the equation 4. 3 , where Pi is the
power density of the incident light source [29].

Voc-]sc-FF 4.3

PCE = 2

In the pristine device, a PCE of 2.04% was obtained with a Jsc of 12 mA/cm?, Vo of 0.48 V,
and FF of 33.83%. Au nanostructures were incorporated between the TiO, (ETL) and
PCDTBT: PC7BM active layer. The devices with AuNSs (6 nm) and AuNRs (70 x 40 nm)
showed PCE 0f 1.19% (Jsc = 13.27 mA/cm?, FF = 29.20% and Vo = 0.27 V) and 0.92% (Jsc =
11.90 mA/cm?, FF = 28.26% and Voc = 0.51 V), respectively. The values of PCE, Js¢, Voc, and
FF all decreased compared to the pristine device. The device with Au nanoprisms (68 nm)
had a PCE of 0.32% was the lowest efficiency, and a significant decrease in Jsc of 1.47
mA/cm? was observed, compared to the other devices. Meanwhile, an increase in FF and V.

with values of 42.79% and 0.51 V, respectively was observed.

The low Vo may be attributed to the increase in carrier recombination at the interface of the
active layer and nanostructured layer [30]. Song et al. obtained the PCE of OSCs containing
NPs (nanospheres- 5 nm: 3.30% and nanospheres-10 nm: 4.70%) which decreased compared
to the OSCs without NPs. This low PCE was attributed to the decrease in FF and Vo without
any enhancement in Jsc [10]. In the same way, Olieslaeger et al. reported that annealing the
PCDTBT: PCBM active layer at 160°C for 4 min resulted in a decrease in Voc and FF [31].
Similar effects have also been reported by Gusian et al. that annealing PCDTBT: PCBM
active layer at 180°C for 4 min showed low PCE possibly due to the low Vo and FF in the
NPs device [32]. In this study, the PCDTBT: PC7BM layer was on top of TiO.. The low
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parameters of our devices could be due to the annealing of the spin coated PEDOT: PSS layer
at 150°C for 15 min.

Qiao et al. reported that according to their simulation results, the AuNPs localized surface
plasmon resonance (LSPR) effect can enhance their surrounding electromagnetic fields,
which could increase the absorption ability of the active layer around them and increase the
probability of exciton generation and dissociation. An increase of Au nanostructure doped
devices is supposed to prove this [33]. One of the possible assumptions is the increased series
resistance and recombination process involved in the active layer regarding the decrease in
energy conversion efficiencies [34]. Namkoong et al. reported PCDTBT: PCBM OSCs with
different active layer thicknesses from 70 to 150 nm. The energy conversion efficiencies were
ranging from 6.5 to 4.7% which is attributed to the recombination processes with different
thicknesses of the active layer. They observed that PCDTBT: PCBM based OSCs with
increased thickness has decreased efficiencies [35]. The crucial effect of reduced efficiency
in OSCs is the non-radiative recombination in a material which leads to energy loss, limited
carrier mobility, and light absorption [36]. In this study, as observed in Figure 4.1 the
absorption intensity is significantly low, and this may be the reason for the decreased
efficiency of the devices. In addition, the low absorption in the near infrared region the
spectrum of the active layer which leads to incomplete light harvesting according to
Spyropoulos et al. could be the reason of limited efficiencies of the devices [37]. Therefore,
the results of plasmonic devices measured after fabrication showed no plasmonic

enhancement.
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Figure 4.23. Current-density characteristics of devices with and without Au nanostructures
under illumination.

Table 4.1 Comparison of performance of OPV devices with/ without Au nanostructures under
illumination.

Device PCE (%) FF (%) Jsc (MA/CM?) Vo (V)
Pristine 2.04 33.83 12.57 0.48
Device_AuNSs 1.19 29.20 13.72 0.29
Device_AuNRs 0.92 28.26 11.90 0.27
Device_ AuNPrisms 0.32 42.79 1.47 0.51

4.6.2 Electrical properties for devices after a month of fabrication

It was observed that the solar cell parameters changed when the J-V results were measured
after a month of fabrication of the same sample devices. Figure 4.24 presents the J-V
characteristics curves for the fabricated device under illumination. Table 4.2 shows the
summarized solar cell parameters. These results are compared to the results measured after
fabrication in section 4.4.1. The pristine and device with AuUNSs have improved PCE values
from 2.04%, 1.19% to 2.80%,1.72%, respectively. An increase of these parameters: Jsc of
16.06 and 18.74 mA/cm?, and Vo 0of 0.56 and 0.32 V for the pristine and device with AuNSs,
respectively was observed. Meanwhile, the FF decreased for both devices with values of
30.77% (pristine) and 28.54% (a device with AuNSS). It is thus observed that for the 6 nm-
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AUNSs device the Js, Voc, and PCE increased compared to the results in section 4.4.1,

indicating a slight increase in light absorption of this device according to Qiao et al. [33].

Similarly, the results obtained by Wang et al. showed an increase in Jsc from 10.79 mA/cm?
to 11.61 mA/cm? and FF from 0.68 to 0.69% in a BHJ device with Ag clusters compared to
the pristine. This resulted in their improvement of the efficiency of the device from 6.3% to
7.0% [38]. In the same way, Wu et al. reported an increase in Js for a device where silver
nanotriangle (Ag-NTs) were integrated. They explained that the parameter Js is dependent on
the generation and dissociation of excitons at the donor-acceptor interfaces and the charge
collection at the electrodes [39]. However, in this study, the lower PCE of the device with
AuUNSs compared to pristine could be due to the decrease in FF. According to Wang et al.
[38], Jsc and FF are critical factors to increase the efficiency of the device.

On the other hand, the devices with AUNRs and Au nanoprisms showed a decrease in PCE
with values from 0.92%, 0.32% to 0.83%, 0.23%, respectively compared to the results
measured after fabrication. The device with AUNRs had FF of 21.12%, Js of 8.28 mA/cm?,
and Voc of 0.47 V. It was observed that FF and Jsc decreased, while there was an increase in
Voc. The device with Au nanoprisms showed a decrease in FF of 41.32%, Jsc 0f 1.09 mA/cm?,
and Vo of 0.50 V. The decrease of PCE of these devices may be due to the low Js, FF, and
Voc. Murugesan et al. reported that a decrease in Jsc and FF values results in low PCE due to
high series resistance (Rs) [9]. Similarly, Street et al. mentioned that the Rs have a significant
influence on solar cell devices and reduce the FF and Jsc [40]. This could be the same reason
both devices recorded a lower efficiency compared to the pristine measured after a month,
hence no plasmonic enhancement was observed. Another study by Moon et al. observed that
when the PCDTBT: PCBM active layer thickness was increased from 70 to 200 nm, the FF
decreased significantly from 0.69 to 0.53%. Also, Moon et al. mentioned that the drop in FF
could be due to an increase in carrier recombination which then limits the solar cell

performance [41].

72



— 0 :
Y o 77’-5‘.2 06 07
£
9
- o
E 5
2
®
c
A 10
g —— Pristine
E Device_AuNSs
O -154 Device_AuNRs
Device_AuNPrisms
-20 -

Figure 4.24. J-V characteristics of devices with/without Au nanostructures under illumination
after a month.

Table 4.2 Comparison of performance of OPV devices with/ without Au nanostructures under
illumination after a month.

Device PCE (%) FF (%) Jsc (MA/CM?)  Voc (V)
Pristine 2.80 30.77 16.06 0.56
Device_AuNSs 1.72 28.54 18.74 0.32
Device_AuNRs 0.83 21.12 8.28 0.47
Device_ AuNPrisms 0.23 41.32 1.09 0.50

4.6.3 Electrical properties for devices measured with pixel area of 0.001 cm?

The I-V solar system from Ossila has been used to measure the J-V characteristics. When the
pixel area was changed from 0.010 to 0.001 cm?, the parameters of the solar cell of the same
samples changed drastically. Figure 4.25 present the J-V characteristics curve of the solar cell
devices and Table 4.3 summarized the device parameters when the pixel area was changed.
The pristine device exhibited a PCE of 12.06% with FF of 39.28%, Jsc of 47.95 mA/cm? and
Voc 0f 0.64 V. For the device with AuNSs, a PCE of 0.017% was obtained with 7.31 % FF,
24.43 mA/cm? and a Vo of 0.009 V. The device with AUNRs showed a PCE of 5.07%, FF of
29.25%, and Jsc of 36.03 mA/cm? and Vo of 0.48 V. Lastly, the device with Au nanoprisms
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showed PCE of 5.02%, FF of 37.81%, Jsc of 50.80 mA/cm? and Vo of 0.26 V. It was seen
that the efficiency, Jsc, Voc and FF of the pristine, devices with AuNRs and Au nanoprisms
increased significantly. In this case, a light absorption increase was observed. Meanwhile, for
the device with AuNSs, all the parameters decreased. From Figure 4.25, the red graph shows
the decrease of these parameters, and it is more of a straight line than curves like the other
samples. This could be due to the change in the pixel area and that AuNSs is less stable
compared to the other nanostructures according to Crammer et al. [2]. Also, this behavior
could be from possible low-intensity absorption of the PCDTBT: PC70BM_AuNSs in Figure
4.1. The sudden increase in the solar cell’s parameters may be due to the change in the pixel

area and it shows that it influences the I-V characteristics.
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Figure 4.25 J-V characteristics of devices with/without Au nanostructures under illumination
after a month.
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Table 4.3 Comparison of performance of OPV devices with/ without Au nanostructures under
illumination after a month.

Device PCE (%) FF (%) Jsc (mA/cm?)  Voc (V)
Pristine 12.06 39.28 47.95 0.64
Device_AuNSs 0.017 7.31 24.43 0.009
Device_AuNRs 5.07 29.25 36.03 0.48
Device_ AuNPrisms 5.02 37.81 50.80 0.26

In conclusion, we reported the properties of synthesized Au nanostructures (nanospheres,
nanorods, and nanoprisms) by the seed-mediated growth method. These Au nanostructures
were successfully incorporated into the active layer PCDTBT: PC7,0BM and characterized.
The optical, structural, and morphological properties of TiO, (ETL) and PEDOT: PSS (HTL)
were studied. Furthermore, the current density (J-V) characteristics of the fabricated ITO/
TiO,/ PCDTBT: PC7;0BM/ PEDOT: PSS/Ag organic solar cells with and without Au
nanostructures under illumination with 100 mW.cm2 and electrical properties were obtained.
The solar cell parameters of the plasmonic device were lower compared to the pristine, this
may be due to non-radiative recombination in the active layer. Hence, no plasmonic
enhancement was observed when the devices were measured after fabrication. The J-V
characteristics results changed when measured after a month. The Jsc and Vo increased which
caused the efficiency of the pristine and device with AuNSs to increase. LSPR effect was
observed due to the increase in Js. On the other hand, no plasmonic enhancement was
obtained from devices with AuNRs and Au nanoprisms due to the decrease in PCE, FF, Js,
and Voc. When the pixel area was changed from 0.010 to 0.001 cm?, the solar cell parameters
of the same samples changed drastically. The pristine, devices with AuNRs and Au
nanoprisms showed an enhancement in PCE, FF, Js, and Voc. While the device with AuNSs

all the parameters decreased significantly. This could be due to the change in the pixel area.
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Chapter 5

Conclusion and future work

5.1 Conclusion

This study used a seed-mediated growth technique to synthesize gold (Au) nanostructures
(nanospheres, nanorods, and nanoprisms). The main application, organic solar cells (OSCs)
were fabricated and Au nanostructures were added between the electron transport layer (ETL)
and the active layer. The objective of this study was to compare the effect of Au nanospheres,

nanorods, and nanoprisms on the performance of PCDTBT: PC70BM based OSCs.

In section 4.2, Au nanostructures were synthesized by the seed-mediated growth method. Au
nanospheres (NSs), nanorods (NRs), and nanoprisms were successfully synthesized. The
variation of optical, morphological, and structural properties of Au nanostructures were
presented and discussed. Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) were used to study the surface morphology. TEM images revealed three
different morphologies as AuNSs, AuNRs, and Au nanoprisms. The average diameter of Au
seeds and AuNSs was 4 and 6 nm, respectively. An average edge length of 68 nm was
observed for Au nanoprisms. The AuNRs that were well-formed had a length of 70 nm and a
width of 40 nm (aspect ratio of 1.9). Similarly, SEM images revealed average grain sizes of
these Au nanostructures 2.6, 15, 20, and 130 nm for Au seeds, AuNSs, Au nanoprisms, and
AUNRs, respectively. The energy-dispersive X-ray spectroscopy (EDS) was used to confirm
the presence of Au in all the samples. UV-Vis spectroscopy was used to study the optical
properties of Au nanostructures. A redshift in the absorption spectra was noted, for Au seeds,
nanospheres, nanorods, and nanoprisms. As the sizes of different Au nanostructures
increased, the wavelength also increased with Au seeds being the smallest and AuNRs being
the largest. The structural properties of Au nanostructures were studied using X-ray
diffraction (XRD) and Raman spectroscopy. XRD studies revealed the face-centered cubic
(fcc) crystalline structures of Au since the peaks were corresponding to miller indices planes.
To confirm the crystalline structures, lattice parameters and crystallite sizes were calculated.
All the samples showed strong and sharp Raman vibrational modes. It showed the maximum

surface-enhanced Raman signal was obtained.

In section 4.3, structural, optical, and morphological properties of PCDTBT: PC70BM active

layer, prepared using spin coating were reported. Au nanostructures such as AUNSs, AuNRs,

79



and Au nanoprisms were added into the active layer, and their properties were studied. UV-
Vis spectroscopy was used to study the optical properties. The reference layer (PCDTBT:
PC70BM) showed three absorbance maxima at 378, 470, and 564 nm, which were similar to
the layer with AuNSs. The reference layer and thin film with AuNSs samples showed very
low intensity compared to the other samples. On the other hand, the thin film with AuNRs
and Au nanoprisms showed absorption maxima at 380, 473, and 571 nm. Thin film with Au
nanoprisms had a higher intensity compared to the other three samples. Raman spectroscopy
was used to study the structural properties with the sample scan from 300 to 800 cm™. The
observed vibrational modes were 573, 774, 1102, 1376, 1447, and 1596 cm™ were observed
and confirmed that the samples are polymer dominant. These results showed no crystalline
domains present which indicated that the active layer is amorphous. To study the surface
morphology of the active layer PCDTBT: PC70BM SEM was used. SEM images revealed that
the active layer morphology was compact, the particles were well dispersed, and there were
pin-hole defects. The calculated grain sizes were 17.28, 15.86, 34.51, and 20.23 nm for
reference, thin film with AuNSs, AuNRs, and Au nanoprisms, respectively. EDS confirmed

that the Au nanostructures were added to the active layer successfully.

In section 4.4, structural, optical, and morphological properties of titanium dioxide (TiO>)
thin film prepared by the spin-coating method. XRD and Raman spectroscopy were used to
study the structural properties. From XRD, 26 diffraction peaks at 25, 37, 51, 61, 70, and 78°
corresponding to (101), (004), (200), (105), (204), (220) and (301) planes, respectively which
confirms the anatase phase of TiO.. Also, the crystallite size and lattice parameters confirmed
the tetragonal crystal structure of TiO». Furthermore, Raman spectroscopy showed four
characteristics of Raman active modes with symmetries Eg, B1g, A1g, and Eg corresponding to
153, 406, 525, and 648 cm™. These characteristics vibrational frequencies and their intensities
confirmed the anatase TiO phase. UV-Vis absorption was used to measure the absorbance of
TiO; thin films. It was observed that the TiO: film had a high absorbance in the ultraviolet
region with the absorption maxima of 313 nm, hence it was used as the ETL in the solar cell.
SEM images presented the anatase TiO2 surface morphology which indicated that the
particles are uniformly distributed, compact, and homogenous. The calculated grain size was
14.61 nm.

Section 4.5 reported the properties of the PEDOT: PSS thin film which was prepared by a
spin coating method. The PEDOT: PSS was used as a hole transport layer. The absorption
spectrum of the PEDOT: PSS thin film showed an absorbance peak at 310 nm. Raman
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spectroscopy revealed vibrational peaks at 1254, 1443, 1508, and 1570 cm® and these
attributed to C, - C.’ inter-ring stretching, C, = Cg symmetric stretching, and asymmetrical
stretching vibration, respectively. For XRD, no diffraction peaks were observed due to the
amorphous nature of PEDOT: PSS. The SEM images of PEDOT: PSS showed a homogenous
and good morphology.

Section 4.6, the results of fabricated 1TO/ TiO2/ PCDTBT: PC70BM/ PEDOT: PSS/Ag
organic solar cells with and without Au nanostructures were reported. The current density (J-
V) characteristics were determined under illumination. The power conversion efficiency
(PCE) of the pristine device observed was 2.04% and plasmonic devices with AuUNSs,
AuNRs, and Au nanoprisms showed lower PCE results. This was attributed to the low Js,
Vo, and FF which is due to the increase in carrier recombination of the active layer and the
nanostructured layer. These results were determined when measurements were done
immediately after fabrication. Hence, no plasmonic enhancement was observed when the
devices were measured after fabrication. Moreover, the J-V characteristics of the same
devices when measured after a month showed different results. The pristine and device with
AUNSs showed that Jsc and Voc increased which enhanced the PCE from 2.04, 1.19 to 2.80
and 1.72%, respectively. Even though, for the plasmonic device with AuNSs the efficiency
increased, it was still lower than the pristine. On the other hand, the plasmonic devices with
AuNRs and Au nanoprisms revealed a decrease in FF, Jsc, and Vo, which caused the
efficiency to decrease. LSPR effect was observed due to the increase in Jsc for the device with
AuNSs. On the other hand, no plasmonic enhancement was obtained from devices with
AuNRs and Au nanoprisms were observed. We also reported the J-V characteristics of the
same devices when the pixel area was changed from 0.010 to 0.001 cm? in the I-V solar
system settings. The change in pixel area increased the Jsc, FF, and Voc which enhanced the
PCE drastically from 2.80 to 12.06% for the pristine device. In the same way, in the
plasmonic devices with AuNRs and Au nanoprisms the PCE increased significantly from
0.83, 0.23% to 5.07 and 5.02%, respectively. It was observed that the Jsc increased for both
devices and Vo increased for a device with AUNRs and decreased for Au nanoprisms device.
Although the PCE increased, it is still lower than the pristine device and this may be due to
the increase of carrier recombination, pin-holes defects in the active layer, and high series
resistance. A drastic decrease in PCE, FF, Js., and Voc values was observed for a device with

AUNSs, compared to the other devices. This may be due to the change of the pixel area.
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In summary, PCDTBT: PC7BM-based organic solar cells with the addition of AuNSs,
AuNRs, and Au nanoprisms between the ETL and active layer were prepared and
characterized. The addition of Au nanostructures resulted in poor performance of the devices
which could be due to the limitations (such as pinholes, annealing temperature, and thickness
of the active layer) was observed. However, enhancement of the device performances
increased after a month for the pristine and device with AuNSs. In addition, the change in
pixel area affected the performance drastically for the pristine, device with AUNRS and Au
nanoprisms. From the measurements of electrical properties, the device with AuNSs performs
better than the other plasmonic devices, even though, the device with AuNRs showed better
performance when the pixel area was changed. We conclude that the optical absorption is
related to the photocurrent in plasmonic OSCs which is due to the near-field enhancement of
the LSPR of Au nanostructures. We suggest that plasmonic Au nanostructures can be used to

improve the performance of OSCs with minimal limitations.

5.2 Future work

From the present study, some of the gaps need to be addressed. There is a need to investigate
the aging of PCDTBT: PC70BM based organic solar cells and study their electrical properties.
The performance of devices seems to increase overtime so time may be a good factor for
efficiency. More efforts are to be done in replacing PEDOT: PSS to improve the surface
morphology which affects the performance of the solar cell. PEDOT: PSS is acidic and need

to be replaced.
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