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Abstract

The need to develop sustainable, eco-friendly energy sources is a major driving force
in the development of efficient photovoltaic cells. Organic solar cells are a relatively
new solar energy technology compared to their inorganic counterparts and have many
desirable properties including light weight, easy fabrication and potential for large-scale
manufacture. Till now many semiconducting polymers have been synthesized and
investigated extensively. One of the widely common donor polymers is P3HT, which
has been used with fullerene-based acceptors as BHJ blend systems in OPV. However,
because of the high cost and weak absorption of fullerene-based acceptors, non-
fullerene acceptors have been investigated as promising alternatives. ITIC, as a
representative of non-fullerene acceptors, exhibits broad strong absorption and high
electron mobility. Although the ideal PCE is 9%, the highest PCE of P3HT:ITIC
obtained till now in literature is 1.25% only which may be due to the recombination of
free charges. In this thesis, we tried to overcome the recombination of free charges by
using P3HT with lower regioregularity (P3HT rr~85%) which would increase the
interaction between donor and acceptor and help to enhance charge transfer.
Interestingly, organic solar cells with P3HT (1r~85%):ITIC as the active layer
approached a PCE (Power conversion efficiency) of 1.33% which is significantly higher
than P3HT (1rr~98%):ITIC device with a PCE of 0.76%. The height and phase AFM
images suggested interpenetrating morphology with lower RMS roughness in the
P3HT(rr~85%):ITIC blend film, indicating better bulk charge transport properties.
Moreover, both hole and electron mobilities of P3HT (1r1~85%):ITIC were higher which
could be explained by the better bi-continuous network formation at nanoscale.
Consequently, P3HT (11~85%):ITIC exhibited higher short circuit current density (Jsc)

resulting in better performance.

In order to balance the needs of low cost and high performance, our group synthesized
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two novel donor polymers (P-TOBT-1 and P-TOBT-2) with simpler synthetic route and
lower cost and the PCE based on the OSCs reached 9.04% after optimization. To the
best of our knowledge, this is the lowest synthetic cost with high PCE above 9%.
PTOBT-1 contains only Z configuration in the side chain while PTOBT-2 contains both
Z and E configurations. The Voc for the blend of P3HT:ITIC was 0.53 V, while a
significantly higher Voc of up to 0.90 V was obtained with P-TOBT-1 and P-TOBT-2
as donors. Because of superior bulk charge transport properties, P-TOBT-1:ITIC
showed higher Jsc 19.86 mA/cm? resulting in a better PCE (9.04%) than P-TOBT-
2:ITIC (PCE: 6.32%) , which may be caused by higher crystallinity and smoother

morphology.

v



Acknowledgements
I would like to show my great thanks to supervisor, Dr. Yuning Li, for his great
encouragement and patient guidance on my graduate work. He taught me to forward
research efficiently and to enjoy the process of research. I’m very lucky and honored to
be a member in his group. Thanks also go to Prof. Xianshe Feng and Prof. Eric Croiset
who reviewed my thesis and provided valuable comments and advice.
In addition, | would like to thank Dr. Romain Perrier-Cornet from Canadian General-
Tower (CGT) for their valuable technical advice.
I am very thankful to Xiaocheng Zhou who taught me all laboratory skills and led my
research on organic solar cells. I am also very much thankful to Kegiang he, who
synthesized P-TOBT series polymers and guided me in optimizing the performance of
my devices. Special thanks go to Pankaj Kumar and Marwa Abd-Ellah, who helped me
for testing the OTFT, XRD, AFM and EQE. I also thank Wugqi Li, Arthur Hendsbee
and Jenner Ngai, who gave me many valuable advices. I would not be able to complete
this work without their help.

Finally, I would like to thank my family and friends for their constant support.



Table of Contents

AUhOr'S DECIaration .........veviiiiiiiiiiiieiee e il
ADSEIIACE. ... o i1
ACKNOWICAZEMENLS ...t v
LSt Of FIGUIS ...ttt viii
LSt O TaDIES. . ..veiiieiiiiiesie s Xiii
List of Abbreviations and SYmbOIS..........cccooiiiiiiiiiiic Xiv
Chapter 1 INtrodUCHION .......ccviiiiiiiiiesiece e 1
1.1 Research Background ...........cccouviiiiiiiiiiiiciie e 1
1.2 Organic Solar CellS ........cuuiiiiiiiiiiiciii 3
1.3 Organic Solar Cell Working Principles.........cccooiiiiiiiiiiiiiiciec e 5
1.4 Characterization of Polymers for Organic Solar Cells..........ccccovcviiiiiiiiiiiinnnnn, 9

1.4.1 Ultraviolet-Visible (UV) Absorption and Photoluminescence (PL)

SPECLIOSCOPY -ttt ettt ne e 9
1.4.2 Cyclic VOItamMmMELIy .......ccoovviiiiiiiiiiiiiii s 10
1.4.3 Current Density -Voltage CUIVES ........cccooviiiiiirieiie e 10
1.4.4 External Quantum Efficiency.........cccooviiiiiiiiiii e 13

1.5 The State-of-the-art of Polythiophenes for Organic Solar Cells........................ 13
1.6 Objective and Structure of This Thesis......cccccoceviiiiiiii e 15
Chapter 2 Influence of Regioregularity of P3HT on the Performance of P3HT:ITIC
SOLAT CLLS. . .. ettt 17
2.1 INEEOAUCHION ...ttt re e n e e 17
2.2 Characterization of P3HT(1r1~98%) and P3HT(1rr~85%) ....ccvvvvvverreiiieiiiniee 20
2.2.1 Characterization of P3HT(rr~98%) and P3HT(rr~85%) by UV-Vis, PL, CV

ANA XRD o 20
2.2.2 OTFT Performance of P3HT(1rr~98%) and P3HT(rr~85%) .....cccvvevvrrnnenne 28

2.3 OPV Performances of P3HT(1rr~98%):ITIC and P3HT(rr~85%):ITIC.............. 30
2.4 Summery and Future DIr€Ctions ...........cccovvviiieiiiiiie i 38
2.5 EXperimental SECHIOM .......eviiiieiiiiieeiei e 39

vi



2.5.1 Materials and CharacCteriZatiOn .........uvveviieeeieieeiiiiisieeereressriir e e eesseesssr 39

2.5.2 Fabrication and Characterization of OTFT Devices ........c.cccovvviivieiiernnnene 41
2.5.3 Fabrication and Characterization of Conventional Organic Solar Cells.....42
Chapter 3 Characterization of Oxime-based Polymers for Organic Solar Cells.......... 44
3.1 INErOAUCTION ...ttt e e ne e 44
3.2 Characterization of P-TOBT-1 and P-TOBT-2 .......cccccccoiiiiniiniicnieeeecie e 46
3.2.1 Characterization of P-TOBT-1 and P-TOBT-2 by UV-Vis, PL, CV and
XRD . ettt 46
3.2.2 OTFT Performance of P-TOBT-1 and P-TOBT-2 .......ccccccceeiirniiiiieiinne 55

3.3 OPV performances of P-TOBT-1:ITIC and P-TOBT-2:ITIC ...........cccceevrrnnenne 57
3.3.1 OPV Performance and Characterization for P-TOBT-1:ITIC and P-TOBT-
3 N (TP U PR PR PP PRPPR 57
3.3.2 Optimization of OPV Performance for P-TOBT-1:ITIC ...........ccccoeernnee. 67
3.3.3 Stability of OPV Performance Based on P-TOBT-1:ITIC...........cccoevnrnenn 71

3.4 Summery and Future DIireCtions ..........ccccevviiiiiiiiiiiiic e 75
3.5 EXperimental SECION .......ccoviiiiiiiiiiiiie it 76
3.5.1 Materials and CharacteriZation ...........ccccueeiviereeiiieesie e 76
3.5.2 Fabrication and Characterization of Inverted Organic Solar Cells............. 77
Chapter 4 Summery and Future DIr€ctions ..........cccooiveirieniiiiienie e 79
Biblio@raphy. .. .o 81

vil



List of Figures

Figure 1-1 A fundamental look at energy potential for the planet.?...........c.cococeveveneee, 1
Figure 1-2 The typical solar cell configuration.!” ..........ccccceceeeeeeeeeeee e, 3
Figure 1-3 The schematic representation and principle of OSC reported by Tang.......4

Figure 1-4 Typical device configurations of organic solar cells: (a) bilayer device with

planar heterojunction, (b) bulk heterojunction device..........coovrieriiiiniieiieiieeseee 5

Figure 1-5 Schematic view of the charge separation and geminate pair recombination.

Figure 1-6 Illustrations of (a) geminate pair recombination and (b) bimolecular

TECOMBINALION. 3B ...ttt e e et e e et e e e ee e e e e e e e e eeee e et aneeeeeeeennnnanaens 8

Figure 1-7 Schematic pictures showing the changes in the P3HT:PCBM blend film

after ANNEALING. .......cooviieiieicicicce ettt 8
Figure 1-8 Frank Condon prinCiple.®® ............coccoiviueiiiivsiiiesscesee e, 10

Figure 1-9 Schematic representation of important characteristics derived from typical

JoV CUIVES. et ettt ettt ettt st 11
Figure 1-10 Evolution of I-V curves with higher Rs and lower Rsh. ®...................... 13

Figure 1-11 Chemical structures of P3HT and recent donor polythiophenes (Pt-

PSFTZ® and PBDD-ff4T%) with high performance for OSCS. ...........ccccecvurirerrirennnne, 14
Figure 1-12 Device architecture of the tandem cell. "' ...........c.ccooviiveiiiiiicce, 15

Figure 2-1 Chemical structure of PCs1BM, PC71BM, ITIC, IT-4F, PTB7-TH and

Figure 2-2 The comparison of the HOMO/LUMOs of P3HT(1r~98%), P3HT (1rr~85%)
ANA ITIC. ot b e st b e e st e e be e e snbee e 20

viil



Figure 2-3 Three substituted bithiophenes. ...........c.cccoiiiiiiiiii, 20

Figure 2-4 (a) Regiocontrolled synthesis of P3HT®, (b) regioregular P3HT and

1eglorandom P3HT. ... 21

Figure 2-5 (a) Normalized UV-vis absorption spectra of P3HT(rr~98%), P3HT (1rr~85%)
and ITIC in thin film, (b) normalized UV-vis absorption spectra of P3HT(rr~98%):1TIC,
P3HT(1rr~85%):ITIC in thin film (D/A ratio: 1:1). .cooeiiiiiiiiie e 23

Figure 2-6 The CV diagram of P3HT(1rr~98%) and P3HT(rr~85%) at a scan rate of 0.1
V/s. The electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous

P Tel< o) 10 | (<IN 24

Figure 2-7 (a) Photoluminescence spectra of neat P3HT(1rr~98%), P3HT (rr~85%) and
blends of P3HT(1rr~98%):ITIC and P3HT(1rr~85%):ITIC, employing an excitation
wavelength at 505 nm, (b) neat ITIC and blends of P3HT(rr~98%):ITIC and

P3HT(1rr~85%):1TIC, employing an excitation wavelength at 707 nm. ..............coc.e... 25

Figure 2-8 (a) The out of plane XRD patterns obtained from the spin-coated P3HT
(rr~98%) and P3HT (1r~85%) thin film on SiO2/Si substrates modified by DDTS,

annealed at 160 °C for 10mins. (b) GIWAXS scans for P3HT (1r~98%) and P3HT

Figure 2-9 Transmission geometry X-ray diffraction obtained from the spin-coated (a)
P3HT (1r~98%) and (b) P3HT (1r~85%) thin film. The patterns were obtained on a thin

mica film, thick films were casted from chloroform solution. ............ccccccovvviiiennnnnen. 27

Figure 2-10 (a) The out of plane XRD patterns obtained from the spin-coated P3HT
(rr~98%):ITIC and P3HT (1rr~85%):ITIC thin film on SiO2/Si substrates modified by
DDTS, annealed at 160 °C for 10mins. (b) GIWAXS scans for P3HT (1r~98%):ITIC

and P3HT (1r~85%):ITTC .......uieiii ettt e nnee s 28
Figure 2-11 Configurations of BGBC (bottom-gate, bottom-contact) OTFT structure.

X



Figure 2-12 The output curves (a), (b) and transfer curves (¢) and (d) for OTFTs based
on P3HT (1r~98%) and P3HT (rr~85%) annealed at 160 °C. Device dimensions:
channel length (L) = 30 um; channel width (W) = 1000 um. V¢ valued from 0 to -100

VN the StEP 0F =20 V. e e 30

Figure 2-13 (a) Schematic representation of the solar cell device structure, (b) the J-V
curve based on P3HT(rr~98%):ITIC and P3HT(rr~85%):ITIC under AM 1.5G

10 L0 Va0 0 T215 (o) s VAT 32

Figure 2-14 The J-V characteristics of the hole-only devices for neat P3HT(rr~98%)

ANA PIHT(IT~85%0). eveiteeiiii ettt 34

Figure 2-15 Schematic representation of the SCLC devices structure: (a) hole-only; (b)
electron-only. (¢) the J-V characteristics of the hole-only and electron-only devices for
P3HT(1rr~98%):1TIC, (d) the J-V characteristics of the hole-only and electron-only

devices for PIHT(1r~98%):ITIC.........coiiiiiiee e 35

Figure 2-16 EQE curves of PSCs and absorption spectra based on P3HT(1rr~98%):ITIC

and P3HT(rr~85% ):ITIC ... 37

Figure 2-17 Height AFM images of (a) P3HT (11~98%):1TIC (b) P3HT (1rr~85%):ITIC;
phase AFM images of (¢) P3HT (1r~98%):ITIC and (d) P3HT (1r~85%):ITIC. The films

were spin-coated on PEDOT: PSS/ITO substrates and were annealed at 160 °C for 10

0010 41T PP 38
Figure 2-18 1H NMR spectra of (a) P3HT (1r~98%) and (b) P3HT (1r~85%). ......... 41
Figure 3-1 Chemical strictures of (a) J71° (b) PTFB-O%7 ........cccooeeeeeeeee e, 45
Figure 3-2 Chemical structure of P-TOBT-1, P-TOBT-2 and ITIC. .............cccccvvennns 46

Figure 3-3 (a) Normalized UV-vis absorption spectra of P-TOBT-1, P-TOBT-2 in



solution (chloroform), (b) Normalized UV-vis absorption spectra of P-TOBT-1, P-

TOBT-2, ITIC ..ot 47

Figure 3-4 (a) the CV diagram of P-TOBT-1 and P-TOBT-2 at a scan rate of 0.1 V/s.
The electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous
acetonitrile, (b) The comparison of the HOMO/LUMOs of P-TOBT-1, P-TOBT-2 and
1 1 (TP TP OPRRPPOURUROTN 49

Figure 3-5 (a) Photoluminescence spectra of neat P-TOBT-1and blends of P-TOBT-
L:ITIC, (b) photoluminescence spectra of neat P-TOBT-2 and blends of P-TOBT-
2:ITIC, employing an excitation wavelength at 500 nm, (c) neat ITIC and blends of P-

TOBT-1:ITIC and P-TOBT-2:ITIC, employing an excitation wavelength at 707 nm. 52

Figure 3-6 The out of plane XRD patterns of pure (a, b) and blend (¢, d) thin films of

PTOBT-1 (a, b) and PTOBT-2 (c, d) at room temperature and annealing at 100 °C...54

Figure 3-7 GIWAXS scans of P-TOBT-1, PTOBT-2 , P-TOBT-1:ITIC and P-
TOBT:ITIC films under room temperature and annealing at 100 °C on DDTS-modified

STOI /ST SUDSIIALES. . eeeeee et e e et e e e e e e e e e e e e eeeneeeeeees 55

Figure 3-8 The output curves (a), (b) and thansfer curves (c¢), (d) for OTFTs based on
P-TOBT-1 and PTOBT-2 annealed at 160 °C. Device dimensions: channel length (L) =
30 um; channel width (W) = 1000 um. Vg valued from 0 to -100 V in the step of -20 V

T OUEPUL CUTVES. ..ttt bbbt bbb n e nre s 57

Figure 3-9 The J-V characteristic for the solar cell device based on (a) P-TOBT-1:1TIC
and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated using a

solution (16 mg/ml) in chloroform at 1500 rpm. ........ccceviiiiiiiiicn e 59

Figure 3-10 (a) Schematic representation of inverted device structure, the J-V
characteristic for the solar cell device based on (b) P-TOBT-1:ITIC and (¢) P-TOBT-

2:ITIC. The active layer (1:1 weight ratio) was spin-coated using a solution (20 mg/ml)

X1



in chloroform at 1500 IPIMNL. .eoiveiiiiiiiic s 61

Figure 3-11 AFM height images of thin film of (a, b, ¢, d) PTOBT-1 and (e, f, g, h)
PTOBT-2 spin-coated on PEDOT: PSS/ITO substrates processed at room temperature

(2, €, €, ) and 100 °C (D, Ay £, ). covvvooverreeeeeeeeeeeeeeeeeeeseeeeeeesees e ees s ees s 65

Figure 3-12 (a) Hole and (b) electron mobilities of PTOBT-1:ITIC and PTOBT-2:1TIC
DY SCLC MEhOG. ...t s 67

Figure 3-13 The J-V characteristic for the solar cell device based on (a) P-TOBT-
L:ITIC and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated

using a solution (20 mg/ml) in o-dichlorobenzene at 1500 rpm. .......cccccevvvriveriieeninnns 68

Figure 3-14 The J-V characteristic for the solar cell device based on (a) P-TOBT-
L:ITIC and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated

using a solution (20 mg/ml) in chlorobenzene at 1500 rpm. .........ccoeevviiiieiienieennnns 70

Figure 3-15 (a) EQE curve of PSCs and absorption spectra based on
P3HT(1r~98%):ITIC and P3HT(1rr~85%):ITIC, (b) the J-V characteristic for the solar
cell device based on P-TOBT-1:ITIC after 20 mins and 12h, (¢), (d) the J-V
characteristic for the solar cell device based on P-TOBT-1:ITIC with wax and PMMA
encapsulation, respectively. The active layer (1:1 weight ratio) was spin-coated using a
solution (16 mg/ml) in chloroform at 1500 rpm, (e) the summery of PCE for different

ANCAPSULALION. ...t 74

Figure 3-16 Conversion between the two isomers of monomer. "H NMR spectra before

and after heating in chlorobenzene SOIUtION. .........ccovveiiiiiiiieiii s 77

xii



List of Tables

Table 2-1 Summary of BGBC OTFT performance of P3HT (rr~98%) and P3HT

Table 2-2 Summary of the device performance of P3HT(1r~98%):ITIC and

PHT(~85%):TTIC. w.vvvorerveereeereeeeseeeesesesesssesessssseessssesesseeessseesesseeessseeneseeeseeees 32

Table 2-3 Summary of the hole and electron mobility of P3HT(rr~98%):ITIC and

P3HT(IT~85%):ITIC. ..eeiiiie ettt ettt nree s 36
Table 3-1 Summary of BGBC OTFT performance of P-TOBT-1 and P-TOBT-2......56

Table 3-2 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC in

CONVENTIONAL STIUCKULE. .. .eeiiieeretii s s e e e teeeeste s s s eesseeeestss s seestetesssse s reessesesstnnarreeesssesnnes 59

Table 3-3 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC in

INVEITEA STTUCTUTE. 1vvvvrvresieeeteeesstitssseessseesstasssseessssesstssa s seessesesssnsn s teessesssssnnnnrseeesesesnnes 62

Table 3-4 Summary of the hole and electron mobility of PTOBT-1:ITIC and PTOBT-

Table 3-5 Summary of device performance of P-TOBT-1:ITIC. The active layer spin-

coated using a solution (20 mg/ml) in o-dichlorobenzene.............c.ccoccveviiiieiiieninnnnn 68

Table 3-6 Summary of device performance of P-TOBT-1:ITIC. The active layer spin-

coated using a solution (20 mg/ml) in chlorobenzene. ...........cccccoeiiieiiiiiiinicnieeens 70

Table 3-7 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC

with encapsulation of wax and PMMAL ..........ccccoiiiiiiiiic 74

xiil



List of Abbreviations and Symbols
AFM: atomic force microscopy
BGBC: bottom gate bottom contact
CV: cyclic voltammetry
D-A: donor-acceptor
DDTS: dodecyl trichlorosilane
FF: fill factor
HOMO: highest occupied molecular orbital
lon/lorr: current ON/OFF ratio
Jsc: short-circuit current density
Am: wavelength of incident light with maximum adsorption
L: channel length
LUMO: lowest unoccupied molecular orbital
OTFT: organic thin film transistor
OPV: organic photovoltaic
OSC: organic solar cell
PCE: power conversion efficiency
RMS: root mean square
Rs: series resistance
Rsh: shunt resistance
UV-Vis: ultraviolet-visible
\oc: open-circuit voltage
Vw: threshold voltage
Vg: gate voltage

p: charge carrier mobility

Xiv



W: channel width in OTFT
XRD: X-ray diffraction

Other abbreviations and symbols are defined in the text.

XV






Chapter 1.  Introduction
1.1 Research Background
The annual energy provided from the sun far exceeds energy reserve as shown in Figure
1-1.12 In addition, solar energy is a renewable and environmentally-friendly resource,
which does not account for any harmful emissions during generation and consumption.’

Thus, the technologies for utilizing solar power will be the key to solve the exhaustion

4

of fossil fuels and environmental issues.
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Figure 1-1 A fundamental look at energy potential for the planet.?

Solar cell appears as one of the important photovoltaic energy conversion methods that
can directly convert solar light into electrical energy, as schematically described in
(Figure 1-2), showing the typical solar cell configuration. To date, there are numerous
solar cells manufactured from different materials, which can be traditionally classified

into three generations: The first generation of solar photovoltaics are mainly made of



crystalline silicon, such as monocrystalline silicon (Mono c-Si), and polycrystalline
silicon (Poly c-Si).? The first-generation solar cells are well-developed in fabrication
process and have been the most popular for residential use due to high efficiency
(~25%).> However, the high manufacturing cost and relatively heavy weight of
crystalline silicon limit the development of the first-generation solar cells.® The second
generation of solar cells are usually called thin-film solar cells because they comprise
of thin successive layers with p-n junction such as amorphous silicon and cadmium
telluride (CdTe).”® Compared with the first-generation solar panels, thin film solar cells
require less materials and can be deposited on larger and less expensive substrate such
as glass, thereby lowering the cost.” However, thin-film solar cells exhibited half the
efficiency of monocrystalline or polycrystalline solar panels.! Furthermore, most
materials of thin film solar cells are highly toxic (cadmium and arsenic) and are
becoming increasingly rare (indium).!® Those challenges within inorganic solar cells
are driving attempts to explore alternative approaches for utilizing solar energy. Third-
generation solar cells, which apply solution processable materials, such as
semiconducting organic macromolecules and inorganic nanoparticles, hold a promising
prospect for photovoltaic systems.!! Although this type of solar cells is still the subject
of intense research, the third generation of solar cells, especially organic solar cells,
have showed enormous potential due to several prominent features. First, organic
materials generally possess high absorption coefficients and light weight, thereby
holding promise for fabricating portative devices with thin-film architecture'*!'* Second,
mechanical flexibility and solution processability allow organic solar cells to be
manufactured using high throughput printing techniques in roll-to-roll processes, which

make it possible to manufacture them in large-scale with lower production cost.!>!4



Third, because of diversity of organic materials, OSCs can be modified with different

properties in order to fit different applications. !>
hv
Negative Positive
Terminal Terminal

- %é-—

Cell structure

Load

———
Electron flow in
external circuit

Figure 1-2 The typical solar cell configuration.!’

1.2 Organic Solar Cells

In 1986, the first successful organic solar cell was introduced by Tang.'® This
photovoltaic device employed an active bilayer that consisted of copper phthalocyanine
(CuPc) as electron donor and 3,4,9,10-perylenetetracarboxyl-bis-benzimidazole as
acceptor, achieving a power conversion efficiency (PCE) of about 1%. As shown in
Figure 1-3, the photovoltaic conversation firstly involves light absorption in the active
layers, followed by the donor material generating exciton, which is a pair of electron
and hole correlated by Coulomb force. As the exciton diffuses to the interface between
donor and acceptor, it dissociates into an electron and a hole. Consequently, the electron
will transfer from the donor to the acceptor, resulting from the potential difference
between the highest occupied molecular orbital (HOMO) of the donor and the lowest

unoccupied molecular orbital (LUMO) of the acceptor. Finally, after the fully separated



free electron and hole flow into the respective electrodes, the solar energy is converted

into the photovoltaic current.'?
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Acceptor

PV

L —
ITo ——

[—
Current

Figure 1-3 The schematic representation and principle of OSC reported by Tang.

In 1993, Sariciftci, N. S.et.al'” reported a similar planar heterojunction (PHJ) organic
solar cell whose acceptor was replaced by a material with better electron conductivity,
phenyl-C61-butyric acid methyl ester (PCs1BM). However, the limited lifetime of
excitons defines that they can only diffuse a short length within 10-20 nm.'*?* Thus, in
such planar heterojunction devices, there is a loss of photogenerated charges because
of recombination of excitons that are far from the donor-acceptor interface, resulting in
low quantum efficiencies.”** Consequently, to achieve higher substantial energy
conversion, Halls.et.al’?® and Yu.et.al?® introduced bulk-heterojunction (BHJ) by
blending acceptor and donor materials in a nanoscale interpenetrating network (Figure
1-4). With significantly improved donor-acceptor heterojunction interface®’, the
excitons could diffuse throughout the whole bulk of active layer.?®. Since then, BHJ

architecture has become a typical configuration for OSCs.?
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Figure 1-4 Typical device configurations of organic solar cells: (a) bilayer device

with planar heterojunction, (b) bulk heterojunction device

1.3 Organic Solar Cell Working Principles

The working principle of an organic solar cell can be schematically illustrated by four
consecutive steps®: (i)Formation of excitons by absorbing photons, (ii) Diffusion of
excitons to the interface of donor-acceptor, (iii) Subsequent separation of excitons into
free carriers and (iv) Charge carriers transport through donor and acceptor phases and
collection by the respective electrodes. Inevitably, all these steps have limitations and
restrictions and in the following section, details of each step in BHJ OPV devices will
be analyzed.

Firstly, light absorption in organic solar cells results in the formation of excitons which
can separate into free charges only at interface of donor and acceptor while inorganic
solar cells could directly generate free charges.! Generally, organic materials for
photoactive layer have much higher molar absorption (~10° cm™) compared with that
of the inorganic semiconductor such as polycrystalline silicon (~10° cm™).3? This

important property allows the active layer of OPVs to absorb a significant amount of



light with a thickness of only 100-200 nm. In addition, the band gap calculated by the
difference of LUMO/HOMO levels also limits the absorption coefficient.>> More
specifically, photoactive layer only could absorb photons with energy more than the
difference between excited electronic and ground states energy level (band gap).

Secondly, in order to separate into free charges, excitons need to diffuse to the interface
of donor and acceptor. Figure 1-5 showed several states in the process from exciton
formation to charge transfer. As mentioned before, in BHJ solar cells, it exhibits that
only excitons generated within the distance of 10-20 nm from a donor-acceptor
interface can separate into free charge carriers, otherwise the geminate recombination
occurs, as shown in Figure 1-6 (a).?® Typically, time scale for this charge transfer
process is sub-picosecond, which is 1000 times faster than nonradiative or radiative
decay of photo excitons at heterojunction interface.?’ The pairs of electrons and holes
resulting from the charge transfer of excitons with weak binding energy located in the
acceptor and donor phases could be either separated by electric filed or dissociated with
thermal energy.** The energy of charge transfer excitons is lower than optical band gap
which allows electron transfer to occur instead of energy transfer.> In general, the
energy losses in this process greatly influence the open circuit voltage and the
underlying theories still have issues and have not been fully investigated yet.* Also, an
appropriate difference between LUMOs of the two materials is required, in order to
offer the necessary energy to break the bond between electron and hole, which gives

rise to free charges.’” Usually, this energy offset should be larger than 0.3 eV.??
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Figure 1-5 Schematic view of the charge separation and geminate pair recombination.
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Thirdly, after the separation of excitons, the charge carriers need to be transported and
collected by the respective electrodes to generate photocurrent. Compared with crystalline
inorganic counterparts, the electronic states in organic semiconductors are more localized
rather than the delocalization of charges over the electronic states.**“° Particularly, in
organic materials, the inter-molecular or hopping charge transport which is thermally
activated and occurred between neighbouring molecules is generally less efficient than that
in intra-molecule.**#2 In addition, in BHJ devices, the photoactive layer is always semi-
crystalline or amorphous where hopping transport prevails.**** Besides the properties such
as energy disorder, hopping charge transport also heavily depends on the morphology
resulting from the blending of acceptor and donor phases in BHJ devices.*® Furthermore,
even though excitons have completely separated, there still exists the possibilities of
bimolecular recombination, shown in Figure 1-6 (b), which also is strongly influenced
by morphologic features of photoactive layer.>® For instance, based on P3HT:PCBM
devices, annealing could redistribute phases resulting in higher crystallinity of P3HT
and larger domain size of PCBM, shown in Figure 1-7.4¢ Thus, after annealing, the

efficiency could increase from 1% to 4.9% because of the reduction of recombination



and the enhancement of electron transport.*”*8, Therefore, the accurate control on
morphology is a crucial and challenging part in an efficient OSC. So far, various
processing methods, such as thermal and solvent annealing®’#% or the use of solvent
additives®>?, have been applied to optimize microstructure and improve the

performance of OPV devices.
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Figure 1-6 Illustrations of (a) geminate pair recombination and (b) bimolecular

recombination.38
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Figure 1-7 Schematic pictures showing the changes in the PSHT:PCBM blend film

after annealing.*®



Finally, the last step of mechanism in OSC solar energy conversion is the extraction
and collection of free charges to the respective electrodes. It is worthy noting that the
work function of the anode needs to have a higher energy level than the HOMO level
of donor. Correspondingly, the work-function of cathode should have a lower energy
level than LUMO level of acceptor.>* Additionally, the bi-continuous donor and
acceptor phases are also required to guarantee a high yield of free charges transport

from interface to electrode.!
1.4 Characterization of Polymers for Organic Solar Cells

1.4.1 Ultraviolet-Visible (UV) Absorption and Photoluminescence (PL) Spectroscopy

UV-vis absorption spectroscopy is a fundamental measurement to obtain the profile of
absorption. The wavelength of onset in absorption spectrum determines the minimum
excitation energy required for a photon excites an electron from ground states to the
lowest excited states, known as band gap. Then what follows is the relaxation of the
excited states resulting in the emission of light (fluorescence). PL spectroscopy is used
for measuring intensity of fluorescence probed by a specific excitation wavelength. Due
to the non-radiative pathways such as the vibrational transition, showed in Figure 1-8,
the energy of fluorescence transition is lower thus accompanying with longer
wavelength rather than shorter absorption wavelength. This phenomenon is known as
stokes shift. Additionally, compared with absorption and fluorescence spectra, the
shapes of these two transitions are mirror images of each other initially predicted by

Frank Condon principle.>

PL measurement indicates the sum of radiative emissions of excitons relaxing from the
excited states to ground states. In D/A blend film, the excitons undergo a non-radiative
transition due to charge transfer, which is known as photoluminescence quenching

efficiency (PLQE):

PLQE: 1 . PLBlend

PLneat



where PLgiend 1s the PL intensity (counts) of blend films and PLyeat is the PL intensity

(counts) of neat films.
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Figure 1-8 Frank Condon principle.

1.4.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a type of measurement to reveal the electrochemical
properties of materials. The HOMO and LUMO levels can be estimated from the

oxidation and reduction onset potentials. Thus, the HOMO and LUMO levels can be

calculated by using the equations below:

Enomo (eV) = -e (Eox®™) - 4.8 eV

ELumo (V) = - (Ered®™) - 4.8 eV
where e is the energy of an electron and Eo®™* and Eeq®™* are oxidation and reduction
redox onset potentials, respectively. Herein, ferrocene was used as a reference. Also,
HOMO energy level of ferrocene is -4.8 eV oxidation and onset potential sets at 0 V.

1.4.3 Current Density -Voltage Curves

The most important parameters, as shown in Figure 1-9, are open circuit voltage
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(Voc), short circuit current density (Jsc), power conversion efficiency fill factor (FF),

series resistance (Rs) and shunt resistance (Rsh).
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Figure 1-9 Schematic representation of important characteristics derived from typical

J-V curves.’’

Under steady illumination and open circuit voltage conditions, the electron and hole
generated in photoactive layer will accumulate at cathode and anode respectively,
generating a potential difference that is described as Voc.’® This potential difference
(Voc) also corresponds to the maximum possible voltage that could be obtained from
an OSC.>>%° In a BHJ OSC, the Voc is mainly determined by the offset of the HOMO
level of donor and LUMO level of acceptor and can be inferred by following

relationship??:

1
Voc = 5(|EDH0M0| — |Esrumol) — 0.3V

where q is the elementary charge, EpHomo and EaLumo are HOMO energy level of donor
and LUMO energy level of acceptor respectively, 0.3V arises from disorder within the

intermixing donor and acceptor phases. This equation also provided a guideline to design
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and tune a new material in order to get expected energy level. Besides the energy levels,
the real value of VVoc is also influenced by charge transfer states, the interface between
donor and acceptor and the work function of electrodes.5!:¢2

The Jsc is the current density obtained under short circuit conditions when the voltage
is 0 V and ultimately depends on the amount of free charges collected by the electrodes.
However, there are many factors influencing the amount of free charges carriers before
the free charges are extracted at electrodes. As discussed before, the properties of
photoactive layer such as the absorption coefficient and band gap determine the primary
number of photons that can be absorbed. ** Furthermore, the dissociation of excitons
and mobility of free charge carriers vary with the morphology and the nature of
materials.*!

The power conversion efficiency (PCE) is one of the important parameters to illustrate
performance of OSC, which is defined by the ratio of Pmax (maximum power) to Pin

(incident light).
Pnax Jsc XVoc X FF
P Pin
where the fill factor (FF) is the ratio of the maximum power (Pin) obtained from the cell

PCE =

(ImxVm) to the product (Pmax) of Jsc and Voc, as shown in Figure 1-9. Therefore, the
value of FF could indicate the quality of a solar cell and represent the deviation of
current-voltage curves from theoretical one.®® The FF is strongly affected by the
electrical resistances (Rsh and Rs) and increasingly low series resistance and high shunt
resistance results in higher FF, as shown in Figure 1-10. The Rs could be reduced by
some processing methods to decrease the contact resistance such as the accurate choice
of hole and electron transport layer and electrodes.®* On the other hand, the Rsh could
increase by decreasing the shunt currents flow through the photoactive layer by

improving the BHJ morphology.®®

12



| Inverse of slope gives Rs,

Y

Decreasing Rsn

| Inverse of slope gives R;

Increasing Rs '

Figure 1-10 Evolution of I-V curves with higher Rs and lower Rsh. ¢
1.4.4 External Quantum Efficiency

The external quantum efficiency (EQE), known as the incident photon conversion
efficiency (IPCE), is another crucial photovoltaic parameter assessing solar cells. It is
defined as, under short-circuit conditions, the fraction of incident photons that collected

by electrodes as photoinduced charges, as shown in the equation below:

Number of electron collected

Ext 1 t Effici EQE) =
xternal Quantum feency (EQE) Number of incident photons

In EQE, due to the limitation of light absorption capability of photoactive layer and losses
because of scattering and reflection, the value is always far from unity in most BHJ

OPV cells.

1.5 The State-of-the-art of Polythiophenes for Organic Solar Cells

Polythiophene (PT) and its derivatives have been exhibited great potentials for the
application in organic solar cells.®® Among these polymers, P3HT (poly(3-
hexylthiophene)) played a prominent role in the development of organic solar cells as
the early class of polythiophenes. The power conversion efficiency of OSC based on

P3HT:PC7:BM (phenyl-C7;-butyric acid methyl ester) have reached up to 5%.% In
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order to further improve the performance of organic solar cells, considerable efforts
have been devoted into molecular design of polythiophenes®® and optimizing the
architecture of devices®. On the one hand, many donor polythiophenes through
engineering the donor and acceptor units achieved high performance in organic solar
cells and the chemical structures of representatives were shown in Figure 1-11. For
instance, Fan® fabricated solar cell with PBDD-ff4T:ITIC and obtained a PCE of 9.2% .
Furthermore, Xu’’ introduced a new Pt-PSFTZ with the acceptor (Y6) and got a PCE of
16.35%. On the other hand, as shown in Figure 1-12, Meng’! used tandem cell strategy to

enable efficient light absorption and achieved a PCE of 17.3% of organic solar cell.

Pt0: x=0
Pt5: x=0.05
Pt10: x=0.1
Pt15: x=0.15

CeH13
[\

PBDD-ff4T P3HT

Figure 1-11 Chemical structures of P3HT and recent donor polythiophenes (Pt-

PSFTZ’ and PBDD-ff4T%®) with high performance for OSCs.

14



Ag
MoOx
PTB7-Th:06T-4F:PC,BM
Zn0O
M-PEDOT
PBDB-T:F-M
PFN-Br
Zn0

ITO
Figure 1-12 Device architecture of the tandem cell. ™!

However, as shown in the Figure 1-11, although some polythiophenes achieved high
performance of organic solar cells, P3HT has simplest synthetic route thus has the
lowest synthetic complexity (SC) 7> among all reported polythiophenes. Additionally,
the performance of P3HT-based organic solar cells still has great potential to improve.
For example, the ideal PCE of P3HT:ITIC solar cell is 6%~7% but the realistic PCE
remains at 1.25%."* Besides, tandem structures also increase complexity in the
manufacturing process, inhibiting the application of roll-to-roll printing techniques and
commercialization.”! Therefore, in order to make commercializable large area solar
cells, it is still necessary and worthy to develop low-cost donor polythiophenes with
simpler synthetic route in traditional bulk heterojunction structure.

1.6 Objective and Structure of This Thesis

Poly(3-hexylthiophene) (P3HT) has the greatest potential for commercialization due to
good stability and straightforward synthetic route’®. At present, the power conversion
efficiencies (PCE) have recently climbed to 16.5%" and 17.3%’! for single-junction
and tandem organic solar cells respectively. However, compared with P3HT, the
synthesis of high-performing polymers tends to be complex and expensive thus

inhibiting the commercialization of OSCs. Therefore, the development of low-cost
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donor polymers is a promising way to balance the needs of commercialization and high

performance.

In Chapter 2, the objective of this work is to improve the OSC performance of
P3HT:ITIC by introducing P3HT (rr~85%) to increase interaction between donor and
acceptor phases. Furthermore, the results will be further analyzed through several

characterizations including X-ray diffraction and atomic force microscopy.

In Chapter 3, to further improve Voc and Jsc based on P3HT:ITIC, the P-TOBT-1 and
P-TOBT-2 (polythiophene derivatives) which synthesized with relative low cost and
simple synthesis, were used as donors to achieve a balance between high performance
and commercial use. The optical, electrochemistry and crystal properties will be further

investigated.

Finally, in Chapter 4, the conclusions of this thesis will be summarized, and future work

will be proposed for further improvement.
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Chapter 2. Influence of Regioregularity of P3HT on the
Performance of P3HT:ITIC Solar Cells

2.1 Introduction

In the past decade, many soluble polythiophene derivatives have been designed,
synthesized and researched owing to their potential application in organic photovoltaics
field.”® Specifically, poly(3-hexylthiophene) (P3HT) has been investigated extensively
97780 due to its relatively straightforward synthetic route’ and stability®!, and
possibility of large-scale production.®? For the aspect of acceptor, fullerene derivatives
such as phenyl-Cei-butyric acid methyl ester (PCs1BM) and PC7:BM, shown in Figure
2-1, have attracted the most attention and achieved the high efficiencies. For example,
the power conversion efficiency of OSC based on P3HT:PC71BM (phenyl-C7;-butyric
acid methyl ester) have reached up to 5%.°” These fullerene derivatives are derived
from Ceo and Cyo fullerenes, which have fully conjugated structures, with many
advantages including (i) the strong electron accepting capability which enables
electrons can be delocalized in the whole molecule, (ii) high electron mobility, (iii) the
ability to aggregate a in appropriate length-scale in BHJ films for charge separation.®’
However, fullerene-based acceptors have some significant drawbacks such as weak
absorption and high cost of synthesis.** Additionally, PCs;BM or PC71BM blends with
polymers have morphological instability because of the tendency to aggregate in BHJ
film under thermal stress.®> Therefore, in last five years, researchers have devoted

) 66838687 and the chemical

considerable efforts to develop non-fullerene acceptor (NFA
structures of some of the most common NFAs are shown in Figure 2-1. The power
conversion efficiency of PTB7-TH:ITIC or PBDB-T:IT4F based solar cell can be up to
6.59%%¢ and 13.1%%, respectively. Among these acceptors, ITIC* exhibits broad and

strong absorption, high electron mobility and relatively simpler synthesis than its
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derivatives (such as IT-4F). Moreover, in BHJ blend films, it is morphologically stable

owing to the four rigid 4-hexylphenyl substituents which could restrict aggregation®.

PCse1BM PC71BM

ITIC IT-4F

Cy4Hg

PTB7-TH PBDB-T

18



Figure 2-1 Chemical structure of PCs1BM, PC7:BM, ITIC, IT-4F, PTB7-TH and

PBDB-T.

Therefore, P3HT and ITIC are frequently used donor and acceptor, respectively. From
initial assessment for the feasibility of OSCs, P3HT:ITIC blend showed complementary
absorption profile and matched energy levels (Figure 2-2 (a)). However, the highest
PCE of this system found in papers is around 1.25%* due to the recombination of free
charges. In several studies”®’!, it has been found that P3HT with high molecular weight
(Mn > 20kDa) and high RR(>95%) exhibits optimal performance because of the
improved electronic and optical properties. Nevertheless, a systematic study of the
effect of regioregularity has been reported on P3HT:PCBM systems, indicating
P3HT(rr~85%):PCBM showed better thermal stability than P3HT(1rr~98%):PCBM
because weaker phase segregation.” In this chapter, we introduced regiorandomness in
P3HT to increase interaction between donor and acceptor phases which would enhance
charge separation and transfer. The resulting effects on the charge carrier mobilities and
phase segregation in D/A blend have also been studied. In this work, the P3HT and ITIC
were bought from 1 Materials. The AFM, EQE and XRD were measured by Pankaj
Kumar. Furthermore, the NMR spectra were acquired by Wuqi Li to determine the

regioregularity of polymers.
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Figure 2-2 The comparison of the HOMO/LUMOs of P3HT(1rr~98%), P3HT (rr~85%)
and ITIC.
2.2 Characterization of P3HT(rr~98%) and P3HT (rr~85%)
2.2.1 Characterization of P3HT(rr~98%) and P3HT(rr~85%) by UV-Vis, PL, CV and
XRD
The P3HT polymer can be synthesized with different regioregularities by controlling
the ratio of couplings, which includes head-to-tail (HT), head-to-head (HH) and tail-

to-tail (TT), shown in Figure 2-3.

R R
s. U\ s. U\ s. )\
N/ S \ S \ S
R
Head-to-tail Head-to-head Tail-to-tail
(H-T) (H-H) (T-T)

Figure 2-3 Three substituted bithiophenes.
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Also, the ratio of couplings can be controlled by the structure of catalyst and reaction
temperature. For example, P3HT (rr~86%) can be obtained through a copolymerization
of  2-bromo-3-hexylthiophene  and  5-bromo-3,3'-dihexyl-2,2"-bithiophene.”
Additionally, as shown in Figure 2-4 (a), regioselectivity can be influenced by reaction
temperature.”> Due to the regularity of the hexyl sidechain, the backbone of regioregular
P3HT has less torsion angles, resulting in a longer conjugated pathway and more

ordered intermolecular packing,”* that would lead to higher degree of crystallinity.

R R R
Brﬂﬁr w— Ban—ﬂfBr - Brﬂ—ZnBr
S T/t S S
1 2 3

(@)

R T/t 2/3 (%)<
n-Hexyl rt/1 h 90 : 10
n-Hexyl —-45°Ctort/4 h 93 : 7
n-Hexyl -78°Ctort/4 h 97 : 3

Figure 2-4 (a) Regiocontrolled synthesis of P3HT®?, (b) regioregular P3HT and

regiorandom P3HT.

The UV-Vis absorption spectra of P3HT(1rr~98%), P3HT(rr~85%), ITIC,
P3HT(1rr~98%):ITIC and P3HT(1rr~85%):ITIC in thin films are shown in Figure 2-5 (a)
and (b). The thin films were obtained after annealing at 160 °C for 10 mins, which is

the optimal annealing temperature for OSCs based on P3HT:ITIC.”® From Figure 2-5
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(a), both polymers showed maximum absorption wavelength (Amn) at 505 nm. Due to
randomly oriented side chains, P3HT(rr~85%) exhibited weaker intermolecular
interactions. Therefore, compared with P3HT(1rr~85%), P3HT(1rr~98%) exhibited more
red-shift adsorption wavelength and a weak shoulder peak at 546 nm indicating more
extended conjugation of the polymer chains in the thin film. The optical band gap of
P3HT(rr~98%) and P3HT(rr~85%) in thin film are calculated to be 1.91 and 1.95 ¢V,
respectively, from the onsets of absorption profiles. On the other hand, the Am of ITIC
is around 707 nm and a weak shoulder appeared at 651 nm. Moreover, the absorption
of P3HT polymers and ITIC showed complementary absorption profile, which would
be beneficial for enhanced light absorption as discussed in pervious study®. The

absorption profiles of blend films are shown in Figure 2-5 (b).

—— P3HT(rr~98%)
—— P3HT(rr~85%

)

Nomalized Absorbance (a.u.)
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(b) —— P3HT(1rr~98%):ITIC
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Figure 2-5 (a) Normalized UV-vis absorption spectra of P3HT(rr~98%),
P3HT(rr~85%) and ITIC in thin film, (b) normalized UV-vis absorption spectra of

P3HT (11~98%):ITIC, P3HT(rr~85%):ITIC in thin film (D/A ratio:1:1).

The CV curve was used to measure electrochemical properties of the polymers, as shown
in Figure 2-6. The HOMO level of P3HT(1rr~98%) and P3HT (rr~85%) calculated from the
oxidation onset potentials was -5.05 eV and -5.10 eV respectively. Combined with band
gap, the calculated LUMO energy levels of P3HT(1rr~98%) and P3HT(1rr~85%) are 3.25 eV
and 3.20 eV respectively. The LUMO energy offsets (AELumo) between P3HT(rr~98%)
or P3HT(1r~85%) and ITIC are 0.75 eV and 0.80 eV, respectively, which is higher than

empirical threshold of 0.3 eV for exciton dissociation efficiently.
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Figure 2-6 The CV diagram of P3HT(1rr~98%) and P3HT(rr~85%) at a scan rate of
0.1 V/s. The electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate in

anhydrous acetonitrile.

The efficiency of separation of excitons was investigated through measuring the
photoluminescence quenching efficiency (PLQE) of blend films. As shown in Figure
2-7, the photoluminescence of P3HT(1rr~98%) and P3HT(1r~85%) are quenched by
ITIC with PLQE of 96% and 95%, respectively, when P3HT polymer was excited at
the wavelength of 505 nm. Moreover, both photoluminescence of ITIC are quenched
by P3HT(1r~98%) and P3HT(1rr~85%) with PLQE around 85%, respectively, when
ITIC was excited at wavelength of 707 nm. From the results of quenching, considerable
interactions between donor and acceptor in the blend occurred. In addition, both donor
and acceptor excitation showed similar PLQE, indicating similar efficiency of excitons

dissociation and separation.
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Figure 2-7 (a) Photoluminescence spectra of neat P3HT(rr~98%), P3HT(rr~85%) and
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blends of P3HT (1rr~98%):ITIC and P3HT(1r~85%):ITIC, employing an excitation
wavelength at 505 nm, (b) neat ITIC and blends of P3HT (1rr~98%):ITIC and

P3HT(1rr~85%):1TIC, employing an excitation wavelength at 707 nm.

The molecular orientation of the polymer P3HT (11~98%) and P3HT (1r~85%) films
was characterized by reflective X-ray diffraction technique. As shown in Figure 2-5,
P3HT (1rr~98%) pristine film showed an intense diffraction peak at 26 = 5.28°,
corresponding to the interlayer lamellar d-spacing of 1.67 nm (q. = 0.37 A™"). On the
other hand, a clear lamellar peak at 20 = 5.22° (q, = 0.37 A™!) in P3HT (1r~85%),
corresponding to the interlayer lamellar d-spacing of 1.69 nm. Because of disordered
side-chain of P3HT (1r~85%), the diffraction peak of lamellar packing exhibited lower
intensity compared with that of P3HT (1rr~98%).

120
(a) —— P3HT (1rr~98%) —— P3HT (1r~85%)
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Figure 2-8 (a) The out of plane XRD patterns obtained from the spin-coated P3HT
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(rr~98%) and P3HT (1rr~85%) thin film on Si02/Si substrates modified by DDTS,
annealed at 160 °C for 10mins. (b) GIWAXS scans for P3HT (rr~98%) and P3HT
(rr~85%).

Since the n-n stacking peak is quite weak in out of plane XRD patterns, we measured
transmission XRD patterns, as shown in Figure 2-9. The n- m stacking in both neat
P3HT (1rr~98%) and P3HT (1r~85%) are visible at 20 =23.48° and 20 =23.23°,

corresponding 7t- m distance of 0.37 nm and 0.38 nm, respectively.

(b)

Figure 2-9 Transmission geometry X-ray diffraction obtained from the spin-coated
(a) P3HT (1rr~98%) and (b) P3HT (1r~85%) thin film. The patterns were obtained on a

thin mica film, thick films were casted from chloroform solution.

Figure 2-10 depicts the XRD diagram based on P3HT (1r~98%):ITIC and P3HT
(rr~85%):ITIC. It 1s clearly shown that both blend films exhibit no obvious change in
size of lamellar d-spacing but the intensity decreases inevitably by blending with ITIC.
Interestingly, the intensity of -7t stacking peak based on P3HT (1rr~85%):ITIC is higher
as compared to the peak in P3HT (1rr~98%):ITIC, which is favorable for vertical charge

transport. While in the P3HT (11~98%) blend, the presence of high intensity lamellar
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peak (edge on stacking preference) is favorable for parallel charge transport. P3HT

(rr~85%) has less intensity of lamellar peak in comparison of P3HT (1r~98%).

80 50
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Figure 2-10 (a) The out of plane XRD patterns obtained from the spin-coated P3HT
(rr~98%):ITIC and P3HT (11~85%):ITIC thin film on Si02/Si substrates modified by
DDTS, annealed at 160 °C for 10mins. (b) GIWAXS scans for P3HT (1rr~98%):1TIC

and P3HT (1rr~85%):ITIC.

2.2.2 OTFT Performance of P3HT(1rr~98%) and P3HT (1rr~85%)
P3HT(1rr~98%) and P3HT(1rr~85%) were evaluated as p-channel semiconductors in
BGBC OTFT devices, as shown in Figure 2-11. The OTFT fabrications and

characterizations are shown in section 2.5.1.
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Figure 2-11 Configurations of BGBC (bottom-gate, bottom-contact) OTFT structure.

Both polymers exhibited p-type charge transport behavior (Figure 2-12 and Table 2-
1). All OTFT devices were annealing at 160 °C which is the optimal annealing
temperature for solar cell.”? For devices based on P3HT (1r1~98%), the highest hole
mobility is 1.01x10 cm? V! 57! with an average of 6.73%10~ cm? V! 57! and the output
curve and transport curve are shown in Figure 2-12. For devices based on P3HT
(rr~85%), the highest hole mobilities is 1.65x103 ¢cm? V! s! with an average of
1.45x103 ¢cm?® V! 5! which is lower than that P3HT (rr~98%). Moreover, P3HT
(rr~85%) film exhibits a weaker diffraction lamellar peak indicating poorer crystallinity
and reduced edge-on packing. This might arise from redundant side chain disturbs the

conjugation of backbone, resulting in lower hole mobility in the planar direction.

Table 2-1 Summary of BGBC OTFT performance of P3HT (1rr~98%) and P3HT

(rr~85%)
Annealin Mobilit
Polymer g ) y Vi (V) lon/ loft
Temperature (°C) (cm? Vst
P3HT (rr~98%) 160 1.01x1072 -10.03 10°
P3HT (rr~85%) 160 1.65x107 -15.17 102
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Figure 2-12 The output curves (a), (b) and transfer curves (¢) and (d) for OTFTs

based on P3HT (1r~98%) and P3HT (1r~85%) annealed at 160 °C. Device dimensions:

channel length (L) = 30 um; channel width (W) = 1000 pm. Vg valued from 0 to -100

V in the step of -20 V.

2.3 OPV Performances of P3HT (rr~98%):ITIC and P3HT (rr~85%):1TIC

The

device configuration was

ITO/PEDOT:PSS/P3HT(1rr~98%)

or

P3HT(1rr~85%):ITIC/LiF/Al (Figure 2-13 (a)). For the photoactive layer, we used

optim

ized condition”?

with the weight ratio 1:1 between donor and acceptor with

chloroform as processing solvent. The photovoltaic results are summarized in Table 2-
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2 and corresponding J-V curves are shown in Figure 2-13 (b). For a comparative study,
both P3HT(1r~98%):ITIC and P3HT(rr~85%):ITIC based devices were controlled
under optimal condition as mentioned before. In addition, from Table 2-2, a PCE of
1.33% was obtained (Voc = 0.52 V, Jsc = 4.69 mA/cm? and FF = 0.54) for
P3HT(1rr~85%):ITIC. In comparison to P3HT(rr~98%):ITIC (Voc =0.53 V, Jsc =2.72
mA/cm?, FF = 0.53 and PCE = 0.76%) (Table 2-2), P3HT(rr~85%):ITIC based devices

exhibited higher Jsc, resulting in higher PCE, which is also better than the record on

paper.

PEDOT:PSS
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Figure 2-13 (a) Schematic representation of the solar cell device structure, (b) the J-V
curve based on P3HT(1rr~98%):ITIC and P3HT(1r~85%):ITIC under AM 1.5G

illumination.

Table 2-2 Summary of the device performance of P3HT(1rr~98%):ITIC and
P3HT(1rr~85%):1TIC.

Jsc Voc (V) FF PCE Rsh Rs
(mA/cm?) (%)  (ohm/cm?) (ohm/cm?)
P3HT (rr~98%):
ITIC-CF 2.72 0.53 0.53 0.76 934 39
P3HT (rr~85%):
ITIC-CF 4.69 0.52 0.54 1.31 995 24

To further understand the perfermance of solar cells of P3HT(rr~98%):ITIC and
P3HT(rr~85%):ITIC, it is necessary to measure the charge transport properties of the

blend films by the space-charge-limited current (SCLC) technique. The electron-only
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device was composed of ITO/ZnO/Active layer/LiF/Al while hole-only device
consisted of ITO/PEDOT:PSS/Active layer/MoO3/Ag (Figure 2-14 (a), (b)). Based on
Mott-Gurney equation, the hole and electron mobility was calculated through fitting the

J-V curves in the near quadratic region:

9 &
| L

8 L3
where J is current density, p is carrier mobility, € (dielectric constant) is approximately
3 for organic semiconductors, € is vacuum dielectric constant (8. 85102 F/m), V is
voltage and L is the thickness of the active layer. The Hole mobilities of neat P3HT
(rr~98%) and P3HT (1r~85%) films were determined to be 2.48 x 10 cm? V! 57! and
2.63 x 10* cm? V! s respectively (Figure 2-15 (b) and Table 2-3), exhibiting
comparable hole transport ability. Interestingly, the hole mobility of
P3HT(r1~98%):ITIC film dropped to 1.02x10*% cm? V! s! while that of
P3HT(r1~85%):ITIC film is 2.46x10* cm? V! 57! (Figure 2-15 (c) and Table 2-3).
Moreover, the electron mobilities of P3HT(1r~98%):ITIC and P3HT(1r~85%):ITIC
films are 1.56x10° cm? V! s' and 2.60x107 cm? V! 571, respectively (Figure 2-15 (d)
and Table 2-3). It is worthy to note that the crucial requirement for high performance
OSCs to achieve balanced hole/electron carrier mobilities, demonstrating the ratio
between hole and electron mobilities is close to unity.***® The P3HT(rr~98%):1TIC and
P3HT(rr~85%):ITIC films exhibited balanced hole/electron mobilities which is
required for equal collection (ratio of hole/electron mobilities: 0.65 and 0.94,
repectively). However, both hole and elctron mobilities of P3HT(rr~85%):ITIC are
higher than that of P3HT(1rr~98%):ITIC, which could explain why the Jsc of

P3HT(rr~85%):ITIC is almost two times higher than another one.
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Figure 2-14 The J-V characteristics of the hole-only devices for neat P3HT (1rr~98%)
and P3HT(1r~85%).
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Figure 2-15 Schematic representation of the SCLC devices structure: (a) hole-only;
(b) electron-only. (c) the J-V characteristics of the hole-only and electron-only devices

for P3HT(1r~98%):1TIC, (d) the J-V characteristics of the hole-only and electron-only
devices for P3HT (rr~98%):1TIC.
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Table 2-3 Summary of the hole and electron mobility of P3HT(rr~98%):ITIC and
P3HT(rr~85%):1TIC.

The external quantum efficiency (EQE) was used to understand the different

photocurrent generation efficiencies due to spectral response of devices. Figure 2-16

Active layer P3HT(r~98%) P3HT(r~85%)
Hole mobility (cm? V! s) 2.63x10™ 2.48x10™*
Active layer P3HT(1r~98%):1TIC P3HT(1rr~85%):1TIC
Hole mobility (cm? V'!'s) 1.02x10* 2.46x104
Electron mobility (cm? V! ) 1.56x107 2.60x107

shows the EQE spectra of best devices based on P3HT(1r~98%):ITIC and
P3HT(rr~85%):ITIC. Compared with the spectrum of P3HT(rr~98%):ITIC (the
maxima of 10.07% at ~ 498 nm), the P3HT(1rr~85%):ITIC exhibits greatly enhanced
EQE response in the wavelength range of 400 ~ 600 nm with the maxima of 19.6% (at
~ 489 nm) where P3HT absorbs dominantly. Additionally, it is obvious that EQE
response of P3HT(1rr~85%):ITIC is also higher than that of P3HT(rr~98%):ITIC in
wavelength range 600 ~ 750 nm, where ITIC absorbs dominantly. A plausible reason is
that the domain size of P3HT(rr~85%) in blend maybe smaller due to the hindrance of

side chain, giving better donor/acceptor intermixing at nanometer scale.
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Figure 2-16 EQE curves of PSCs and absorption spectra based on
P3HT(rr~98%):ITIC and P3HT (rr~85%):1TIC.

To further understand the difference between the performance of P3HT(rr~98%):ITIC
and P3HT(1rr~85%):ITIC, AFM measurement was used to investigate the nano-
morphologies of the blend films, which were obtained by spin-coated active layer with
chloroform as processing solvent and annealing at 100 °C for 10 mins sequentially. As
shown in Figure 2-17, the P3HT(1r~85%) shows smoother morphology because
polymer side chains are less ordered leading to weaker aggregation. Moreover,
combined with EQE results, P3HT(rr~85%):ITIC exhibits enhanced current density in
absorption ranges of P3HT and ITIC, demonstrating more efficient charge transport
from active layer to respective electrode. Because of the limited exciton diffusion length,
the ideal domain size is around 10 -20 nm?* and therefore a coarsened morphology is
detrimental for the performance of device. Therefore, uniform and better mixed surface
morphology could partially explain the higher Jsc in P3HT(1r~85%):ITIC device

because it is favorable for charge separation and transportation.
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Figure 2-17 Height AFM images of (a) P3HT (1r~98%):ITIC (b) P3HT
(rr~85%):1TIC; phase AFM images of (¢) P3HT (1rr~98%):ITIC and (d) P3HT
(rr~85%):ITIC. The films were spin-coated on PEDOT: PSS/ITO substrates and were

annealed at 160 °C for 10 mins.

2.4 Summery and Future Directions

In conclusion, P3HT (rr~85%):ITIC was introduced to increase the interaction between
donor and acceptor, which exhibits higher Jsc resulting in better performance. Herein,
for the OTFT devices, the P3HT (11~98%) and P3HT (rr~85%) showed p-type dominant
charge transport properties with hole mobility up to 1.01x102 cm?> V"' s and 1.65x107

cm? V' s respectively. When the polymers applied to solar cell, a PCE of 1.33% was

38



obtained based on P3HT (1r~85%):ITIC which is higher than the P3HT (1r~98%):1TIC
efficiency published (1.25%). Meanwhile, a PCE of 0.76% based on P3HT
(rr~98%):ITIC was obtained under our laboratory conditions. The small difference of
HOMO energy level and band gap between P3HT (11~98%) and P3HT (1r~85%)
resulted in similar Voc (0.54 and 0.52 eV respectively) based on P3HT (11~95%):1TIC
and P3HT (1r~85%):ITIC OSCs. The main reason for the optimized performance of
P3HT (1rr~85%):ITIC is higher Jsc compared with P3HT (11~98%):ITIC. In AFM
images large-scale phase separation with higher RMS roughness (2.81 nm) was found
in the P3HT(rr~98%):ITIC blend films, indicating poor miscibility at nanometer scale
while P3HT(rr~85%):ITIC film exhibited better morphology (RMS:1.13 nm).
Additionally, the hole mobility of P3HT(rr~98%):ITIC film is 1.02x10* cm? V! !
while that of P3HT(1rr~85%):ITIC film is 2.46x10™* cm? V! s”1. Moreover, the electron
mobilities of P3HT(1rr~98%):1TIC and P3HT(rr~85%):ITIC films are 1.56x107 cm? V-
P'sTand 2.60x10° cm? V! 57!, respectively. Therefore, charge transport is more efficient
from D/A interface to respective electrode, leading to higher Jsc (4.69 mA/cm?) of
P3HT (1r1~85%):ITIC device while Jsc in P3HT (r1~85%):ITIC is (2.97 mA/cm?).
Moreover, P3HT with different regioregularities, such as 70% or 90%, are required to
do a more systematic comparative study of OSC performance.

2.5 Experimental Section

2.5.1 Materials and Characterization

P3HT (rr~98%; Mw = 44 kDa, PDI:1.44) and P3HT (rr~85%; Mw = 25 kDa, PDI:1.45)
were purchased from 1-materials. Transmission XRD measurements were carried out
on a Bruker Smart 6000 CCD 3-50 circle D8 diffractometer with a Cu RA (Rigaku) X-
ray source (A = 0.15406 nm) and the polymer flakes stacked between two Mylar
substrates. NMR data was recorded with a Bruker DPX 300 MHz spectrometer with

chemical shifts relative to tetramethyl silane (TMS, 0 ppm). Atomic force microscopy
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(AFM) images were taken on polymer thin films spin-coated on the DDTS-modified
Si02/Si substrates with a dimension 3100 scanning probe microscope.

According to the NMR results (Figure 2-18), the signals in aromatic region of P3HT
(rr~98%) and P3HT (rr~85%) can be observed at 6 ~ 7 ppm. The ratio between the head
to head and head to tail arrangement can be calculated from the methylene peaks, which
could be observed at 2.5 ~ 3.0 ppm. The HT arrangement is at the range of 2.75~2.8

ppm while the HH arrangement is around 2.5~2.6 ppm.
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Figure 2-18 1H NMR spectra of (a) P3HT (11~98%) and (b) P3HT (1r~85%).
2.5.2 Fabrication and Characterization of OTFT Devices

The hole mobility of polymer was measured by OTFT devices with the bottom-gate
bottom-contact (BGBC) configuration. The preparation and fabrication procedure of
OTFT device is as follows. Through conventional photolithography and thermal
deposition, the gold source and drain pairs were patterned on a heavily n-doped Si02/Si
wafer with ~ 300 nm-thick SiO». After cleaning with acetone and isopropanol in an
ultra-sonic bath each for 20 min, the substrates were dried by nitrogen and treated with
air plasma for 2 min. In next step, the substrates were immersed in a solution of dodecyl
trichlorosilane (DDTS) in toluene (3 % DDTS in toluene) at room temperature for 20
min. The substrate was rinsed with toluene and dried by nitrogen gas. Then a polymer
film (~ 40 nm) was deposited onto the substrate by spin-coating at 3000 rpm for 60 s

with a polymer solution in chloroform (5 mg/ml).
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Configurations of four types of single-gate OTFTs structures: a) bottom-gate, top-contact

(BGTC), b) bottom-gate, bottom-contact (BGBC),

All the OTFT devices have a channel width (W) of 1000 um and a channel length (L)
of 30 um and and were characterized by an Agilent B2912A Semiconductor Analyzer.
The hole and electron mobilities are calculated in the saturation regime according to the

following equation:

ucCiw
Ips = L (Ve — Vr)?

where Ips is the drain-source current, p is charge carrier mobility, Ci is the gate
dielectric layer capacitance per unit area (~ 11.6 nF cm™), L is the channel length (30
um), V¢ is the gate voltage, Vr is the threshold voltage, and W is the channel width
(1000 pum).

2.5.3 Fabrication and Characterization of Conventional Organic Solar Cells

All the solar cells of conventional configuration were fabricated with ITO/PEDOT:
PSS/Active layer/LiF/Al shown in Figure 2-9. The ITO glass substrates were immersed
and sonicated in deionized water, acetone for 20 min respectively. Then the ITO glass
substrates were placed on aluminum foil and cleaned by Q-tips with acetone. Then the
substrates were placed in the ultra-sonic bath for 20 min in IPA. The substrates were
dried under a nitrogen flow and treated with air plasma cleaner. A ~40nm layer of
PEDOT: PSS (Al 4083) was deposited by spin-coating at 4000 rpm and dried
subsequently at 150 °C for 20 min in air. Then the substrates were transferred to a
nitrogen glove box and the active layer was spin-coated onto the PEDOT: PSS layer.
The concentration of solution and spin speed both could control the thickness. For the
thermal treatment, the substrates were placed onto the hotplate and annealed for 10 min
in nitrogen atmosphere. Finally, a ~1 nm layer of LiF and a ~100nm layer of Al

electrode were deposited in vacuum onto the substrate at P = 5.0 x 10 Pa. The active
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area was 0.0574 cm?. The current density—voltage (J-V) characteristics of the solar cells
were measured on an Agilent B2912A Semiconductor Analyser with a ScienceTech
SLB300-A Solar Simulator. The light source was A 450 W xenon lamp with an air mass
(AM) 1.5 filter.
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Chapter 3. Characterization of Oxime-based Polymers for
Organic Solar Cells

3.1 Introduction

In Chapter 2, we successfully improve the performance of P3HT:ITIC solar cell
through enhancing the interactions between donor and acceptor. In order to further
improve performance, different regioregularities of P3HT can be applied into OSCs.
However, different regioregularities of P3HT are relatively difficult to get due to the
requirement of accurate control of temperature and catalysts.”> Besides, from contour
plot showing the calculated energy-conversion efficiency (Figure 2-2 (b)), tuning the
energy levels of donor polymers is also a promising direction to obtain higher
performance. On the other hand, ITIC, which showed strong and broad absorption, good
electron transport ability and and good miscibility with polymer have been widely
studied with extraordinary OSC performances. Recently, by applying polythiophene
derivatives and ITIC into OSCs, Bin® fabricated solar cell with J71:ITIC and got a PCE
of 11.4% (Figure 3-1 (a)). Furthermore, Li *’ introduced a new donor polymer (PTFD) with

acceptor (IT-IC), obtaining PCE over 10% (Figure 3-1 (b)).

(@
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Figure 3-1 Chemical strictures of (a) J71°¢ (b) PTFB-O*’

Herein, our group designed an electron withdrawing (oxime) group as side chain to
form D (main chain) -A (side chain) donor polymer and chemical structures of two
isomeric polymers (PTOBT-1 and P-TOBT-2) are shown in Figure 3-2. Compared with
donor polymers with high-performance mentioned before, PTOBT-1 and P-TOBT-2
exhibited much simpler synthetic route and lower cost. Furthermore, P3HT derivatives
with electron withdrawing (oxime) group as side chains may lower the HOMO energy
and band gap levels which is beneficial for achieving higher Voc and more light
absorption. Therefore, to further explore the needs for low-cost and high performance,

it is worthy to evaluate these two isomers for OSCs.

The synthesis of donor polymers and OTFT performance measurement were completed
by Keqiang He in our group. The AFM, EQE and XRD were measured by Pankaj
Kumar and Marwa Abd-Ellah. And the main work of mine is the fabrication of solar

cell to improve the PCE and stability through the evaluations of OTFT, XRD and AFM,
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Figure 3-2 Chemical structure of P-TOBT-1, P-TOBT-2 and ITIC.

3.2 Characterization of P-TOBT-1 and P-TOBT-2
3.2.1 Characterization of P-TOBT-1 and P-TOBT-2 by UV-Vis, PL, CV and XRD

The UV-Vis absorption spectra of P-TOBT-1, P-TOBT-2, ITIC, P-TOBT-1:ITIC and P-
TOBT-2:ITIC in thin films are shown in Figure 3-3 (a) and (b). In solution, the
maximum absorption wavelength (An) of P-TOBT-1 and P-TOBT-2 are 543 nm and 597
nm respectively. In thin films, the P-TOBT-1 showed single absorption peak (Am = 541
nm) while the P-TOBT-2 exhibited absorption peak at 552 nm with shoulder peak (585
nm), suggesting the aggregation in solid state. For the blend of donor polymer and ITIC,
the spectra showed the complementary profile of absorption, ranging from 450 nm to

750 nm, which is beneficial for their light harvesting property.
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Figure 3-3 (a) Normalized UV-vis absorption spectra of P-TOBT-1, P-TOBT-2 in
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solution (chloroform), (b) Normalized UV-vis absorption spectra of P-TOBT-1, P-
TOBT-2, ITIC

Cyclic voltammetry (CV) was used to investigate the electrochemical property of both
P-TOBT-1 and P-TOBT-2 polymers as shown in Figure 3-4 (a) and Table 3-2. Unlike
the high-lying HOMO level of P3HT (-5.05 eV) %, the oxidative onset potentials
showed that the HOMO levels of P-TOBT-1 and P-TOBT-2 values are -5.43 eV and -
5.44 eV respectively. Meanwhile, the LUMO levels were calculated from HOMO
energy levels and the band gaps were obtained by the onset of the UV-vis spectra, which
are -3.48 eV and -3.51 eV, respectively. As shown in Figure 3-4 (a), the differences
between LUMO energy levels of ITIC and HOMO energy levels of P-TOBT-1 or P-
TOBT-2 are 1.56 eV and 1.57 eV respectively which is beneficial to obtain higher Voc.
Additionally, the LUMO levels of P-TOBT-1 and P-TOBT-2 are 0.34 ¢V and 0.33 eV,
respectively, higher than that of ITIC, so that the driving force can overcome the binding

energy for effective exciton dissociation.
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Figure 3-4 (a) the CV diagram of P-TOBT-1 and P-TOBT-2 at a scan rate of 0.1 V/s.
The electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous
acetonitrile, (b) The comparison of the HOMO/LUMOs of P-TOBT-1, P-TOBT-2 and
ITIC.
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The photoluminescence (PL) measurement was carried out to investigate the efficiency
of dissociation of excitons, which is the first step of current generation. It is worthy to
note that both polymers were excited at 500 nm, where is not the exact absorption peak
of polymer but the lowest absorption of ITIC, so that we could ignore the
photoluminescence generated by ITIC phase. Therefore, 500nm was chosen as the
excitation wavelength for both polymers. As shown in Figure 3-4, the PLQE of
PTOBT-1 and PTOBT-2 blended with ITIC were 96% and 97%, respectively.
Meanwhile the PLQE of ITIC with the introduction of PTOBT-1 and PTOBT-2 were
slightly lower, 81% and 77% respectively. The reason why the PLQE were lower may
be that the differences between LUMO energy levels of donor and acceptor are
relatively small (0.27 eV and 0.26 eV, respectively). Besides, larger ITIC grain size may
also lead to the lower PLQE because that electrons, which generated in ITIC phase far
from interface, may undergo radiative emissions relaxing from the excited states to
ground states. Furthermore, the PLQE of ITIC blended with P-TOBT-1 was lower than
PLQE of ITIC blended with P-TOBT-2, which may be caused by the grain size of ITIC
in P-TOBT-1:ITIC was relatively smaller than that in P-TOBT-2:ITIC. The relatively
high quenching efficiencies exhibit that almost excitons in both donor and acceptor

could be separated into free carriers.
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Figure 3-5 (a) Photoluminescence spectra of neat P-TOBT-1and blends of P-TOBT-
1:ITIC, (b) photoluminescence spectra of neat P-TOBT-2 and blends of P-TOBT-
2:ITIC, employing an excitation wavelength at 500 nm, (c) neat ITIC and blends of P-

TOBT-1:ITIC and P-TOBT-2:ITIC, employing an excitation wavelength at 707 nm.

Reflective X-ray diffraction (XRD) was carried out to investigate the microstructures
(Figure 3-7 and Figure 3-6). There are no appreciable long-range order diffraction
peaks observed by the XRD graphs based on P-TOBT-1 and P-TOBT-2 neat films,
indicating poor crystallinity at room temperature. However, after annealing at 100 °C
for 10 mins, two peaks were found which can be assigned to (100) and (200) in both
neat polymer films, demonstrating the polymers edge-on arrangement and thermal
treatment could improve the crystallinity. The d-spacings for P-TOBT-1 and P-TOBT-
2 were 2.59 nm (q,= 0.24 A™') and 2.40 nm (q,= 0.26 A™"), respectively. On the other

hand, the P-TOBT-1:ITIC and P-TOBT-2 blend films exhibit peaks of lamella packing
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even at room temperature with the d-spacing 0of2.23 nm (q,= 0.28 A™") and 2.10 nm (g
=0.29 A1), indicating that the ITIC could facilitate the crystallinity of donor polymer.
After annealing at 100 °C for 10 mins, the diffraction peaks became obvious with
respect to the d-spacing of 2.48 nm (q.= 0.25 A!) and 2.23 nm (q.= 0.28 A™") which
may be caused by the rearrangement of side chains. The diffraction intensity of P-
TOBT-2:ITIC films was much lower than that of P-TOBT-1:ITIC. This may be caused

by the lower regioregularity of P-TOBT-2 which contains both Z and E configurations.
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Figure 3-6 The out of plane XRD patterns of pure (a, b) and blend (¢, d) thin films of

PTOBT-1 (a, b) and PTOBT-2 (c, d) at room temperature and annealing at 100 °C.

PTOBT-1-RT PTOBT-1-100°C

PTOBT-2-RT ()] PTOB-2-100°C

) PTOB-1/ITIC-RT f)  PTOBT-1/ITIC-100°C
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PTOBT-2/ITIC h) PTOBT-2/ITIC-100°C

Figure 3-7 GIWAXS scans of P-TOBT-1, PTOBT-2 , P-TOBT-1:ITIC and P-
TOBT:ITIC films under room temperature and annealing at 100 °C on DDTS-

modified Si0,/Si substrates.

3.2.2 OTFT Performance of P-TOBT-1 and P-TOBT-2

The properties of P-TOBT-1 and P-TOBT-2 as channel semiconductors were evaluated
in BGBC OTFT devices fabricated on DDTS modified SiO2/Si wafer substrates. The
OTFT fabrications and characterizations are shown in section 2.5.2. Both polymers
exhibited p-type charge transport behavior (Table 3-1 and Figure 3-8). For devices
based on P-TOBT-1, the best overall performance with hole mobility of 1.64x107% cm?
V-!s!was obtained under 150°C annealing for 10 mins which is around 10 times higher
than that without thermal treatment. However, annealing at relatively higher
temperature of 200°C did not further improve the device performance. Based on the
devices of P-TOBT-2, the highest hole mobility achieved 1.52x10 cm? V! 5! for the
200 °C annealed polymer film. It should be noticed that the threshold voltage (V1) was
close to 0 V, demonstrating a matched energy levels between gold electrode and
polymer layer. Therefore, the square root of the drain current and gate voltage has linear
relationship. Furthermore, it is evident that P-TOBT-1 exhibited better charge
transporting properties in the parallel direction which may caused by the higher

crystallinity.
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Table 3-1 Summary of BGBC OTFT performance of P-TOBT-1 and P-TOBT-2.

Compound  Process (°C) M (cm’V-'s™) Koo (cm*Vish)y V. (V) Lot

avg T-avg
9.25x10* + 4
rt 1.03x1073 -13 10
1.46x10*
2.01x103+ 4
50 2.11x1073 -13 10
1.24x10*
1.07x1072 + 5
PTOBT-1 100 1.23x107 -20 10
9.50x10*
1.50x1072% + 5
150 1.64x1072 -2 10
8.05x10*
1.15x102 + 5
200 1.25x107 -4 10
8.34x10™
3.60x1073+ 4
rt 3.80x107 -6 10
1.88x10*
4.54x1073+ 4
50 5.29x1073 -1 10
7.59x10*
8.20x1073+ 5
PTOBT-2 100 1.09x107 -3 10
2.69x107
9.10x1073+ 5
150 1.24x107 -7 10
2.49x1073
1.21x107% + 5
200 1.52x107 -10 10
2.48x1073
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Figure 3-8 The output curves (a), (b) and thansfer curves (¢), (d) for OTFTs based on
P-TOBT-1 and PTOBT-2 annealed at 160 °C. Device dimensions: channel length (L)
=30 pum; channel width (W) = 1000 um. Vg valued from 0 to -100 V in the step of -

20 V in output curves.

3.3 OPV performances of P-TOBT-1:ITIC and P-TOBT-2:ITIC

3.3.1 OPV Performance and Characterization for P-TOBT-1:ITIC and P-TOBT-2:ITIC

The solar cell results based on P-TOBT-1:ITIC and P-TOBT-2:ITIC in conventional

structure are shown in Figure 3-9 and Table 3-2. In this system, the devices were
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processed at room temperature and annealed at 100 °C before evaporation of electrode.
After annealing at 100 °C, The efficiency of the P-TOBT-1:ITIC solar cells decreased,
compared with that without thermal treatment (from 6.03% to 3.30%). Additionally, the
highest efficiency achieved 6.03% as Jsc reached 13.54 mA/cm?. On the other hand,
The I-V curve of P-TOBT-2:ITIC showed s-shape, indicating the possibility of poor
contact between active layer and charge transport layer or unbalanced electron/hole
mobilities. Furthermore, after annealing at 100 °C for 10 mins, the device showed no

performance, which may be due to the poor contact after the annealing process.
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Figure 3-9 The J-V characteristic for the solar cell device based on (a) P-TOBT-
1:ITIC and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated

using a solution (16 mg/ml) in chloroform at 1500 rpm.

Table 3-2 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC in

conventional structure.

Jsc Voc PCE Rs(ohm/ Rsh(ohm/
Sample (mA/cm?) V) FF (%) cm?) cm?)
P-TOBT-
L:ITIC-RT 13.54 090 050 6.03 19 505
P-TOBT-
1:ITIC-100°C 10.63 0.84 037 3.33 22 375
P-TOBT-
2:ITIC-RT 10.39 092 026 2.52 268 200
P-TOBT-
2:ITIC-100°C / / / / / /
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As mentioned before, the contact of interlayer may limit the improvement of solar cell
performance, so we consider that changing structure of device may address this problem.
Herein, we chose the inverted structure (ITO/ZnO /active layer/MoOs /Ag) instead of
conventional ones of which configuration was shown in Figure 3-10 (a). The results of
P-TOBT-1:ITIC and P-TOBT-2:ITIC are shown in Table 3-3 and Figure 3-10.
Ultimately, the highest efficiency reached 9.04% when the temperature was 100 °C,
indicating that the annealing will not deteriorate the contact between layers in this
structure. Combined with XRD results, P-TOBT-1 exhibited higher crystallinity degree
after annealing at 100 °C for 10 mins, which may enhance the transport of free carriers,
resulting in higher Jsc. Furthermore, the s-shape of I-V curve, indicating bad contact
between layers, in P-TOBT-2:ITIC system of conventional structure was also solved by

changing configuration to inverted structure.
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characteristic for the solar cell device based on (b) P-TOBT-1:ITIC and (c¢) P-TOBT-
2:ITIC. The active layer (1:1 weight ratio) was spin-coated using a solution (20

mg/ml) in chloroform at 1500 rpm.

Table 3-3 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC in

inverted structure.

Sample Rs(ohm/  Rsh(ohm/
Inverted Ise Yoo EE  pCE (%)
nverte 0 2 2
Alem?)  (V
Structure (CF) (mAfem?) (V) cm ) cm )
P-TOBT-1:ITIC-
13.13 0.82 0.56 6.04 15 657
RT
P-TOBT-1:ITIC-
19.86 0.82 0.55 9.04 9 416
100C
P-TOBT-1:ITIC-
16.17 0.82 044 5.81 15 235
130°C
P-TOBT-1:ITIC-
9.18 0.75 0.37 2.55 27 166
160°C
P-TOBT-2:ITIC-
11.38 0.86 0.56 5.48 11 787
RT
P-TOBT-2:ITIC-
12.66 0.90 0.56 6.32 12 434
100C
P-TOBT-2:ITIC-
8.19 0.77 0.44 2.74 24 418
130°C
P-TOBT-2:ITIC-
4.16 047 0.36 0.70 52 274
160°C

Apart from the improvement by changing structure, it’s worthy to note that solar cell
performance of two isomers exhibited a clear difference. From XRD results, the
crystallinity degree of P-TOBT-1:ITIC blend film is more intense than that of P-TOBT-
2:ITIC, which may alleviate geminate and bimolecular recombination. Furthermore,
combined with AFM images of the neat film, shown in Figure 3-11 (a,c), the

morphology and roughness of two isomers were similar. After annealing at 100 °C,
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some aggregations were formed which may be caused by rearrangement after thermal
treatment (Figure 3-11 (b,d)). On the other hand , the blend films of P-TOBT-1:ITIC
were very smooth (RMS: 0.36 nm) and no aggregation is observed even after thermal
treatment (Figure 3-11 (g)). However, for P-TOBT-2:ITIC, larger phase separation was
observed resulting in higher roughness (0.85 nm) after annealing (Figure 3-11 (h)). The
poorer charge separation and transportation caused by coarsened morphology may

explain the lower current density of P:TOBT-2:ITIC solar cell.

63



(@ oowm 05 10 . (b) oowm 05 10

1.44nm 0.0 AT ToT 8 pbC
f,"’ . CW\" d l &
. 3

# A" " 4
")
~

".".’"

, | A

.
" -

1.40nm 0.0
1.00

64



Figure 3-11 AFM height images of thin film of (a, b, ¢, d) PTOBT-1 and (e, f, g, h)
PTOBT-2 spin-coated on PEDOT: PSS/ITO substrates processed at room temperature
(a, c, e, g) and 100 °C (b, d, f, h).

SCLC method was applied to investigate the ability of charge carrier transportation in
the perpendicular direction to the substrates. The device structures were
ITO/PEDOT:PSS (40 nm)/active layer/MoOs3 (10 nm)/Al (100 nm) and ITO/ZnO (40
nm)/active layer/LiF (1nm)/Al (100 nm) for hole-only and electron-only devices,
respectively. As shown in Figure 3-12 and Table 3-4, the P-TOBT-1:ITIC exhibited
1.95 x 10" for electron mobility and 6.34 x 107> cm?V"!s™! for hole mobility, respectively.
Additionally, The P-TOBT-2:ITIC exhibited 7.58x 10™* for electron mobility and 6.75
x 10 cm?*V-!s! for hole mobility, respectively. The hole mobilities of the two isomers
were similar but the electron mobility of PTOBT-1:1TIC was higher than P-TOBT:ITIC.
The above results showed that PTOBT-1 have higher charge carrier mobility in both the
parallel and perpendicular direction to the substrate which will be beneficial to the
dissociation of excitons and transportation of the charge carriers to corresponding
electrodes. Combined with XRD and AFM results, the better microstructure and
stronger crystallinity, enhanced the electron mobility of P-TOBT-1:ITIC leading to
higher efficiency while P-TOBT-2:ITIC indicated coarsened morphology, weaker

crystallinity and lower electron mobility.
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Figure 3-12 (a) Hole and (b) electron mobilities of PTOBT-1:ITIC and PTOBT-
2:ITIC by SCLC method.

Table 3-4 Summary of the hole and electron mobility of PTOBT-1:ITIC and PTOBT-

2:ITIC.
PTOBT-1:ITIC PTOBT-2:ITIC
RT 100 °C RT 100 °C
Lhote (cM2V-1s) 4.16x10° 6.34x10° 2.44x10* 7.58x107°
Lelectron (CmZV'ls'l) 1.29x10* 1.95x10* 4.93x10° 6.75%10°

3.3.2 Optimization of OPV Performance for P-TOBT-1:1TIC

In order to further optimize film quality, another solvent o-dichlorobenzene with higher
boiling point (~190 °C) was investigated. The results of P-TOBT:ITIC in o-
dichlorobenzene are shown in Figure 3-13 and Table 3-5. Ultimately, the Jsc dropped
to 15.32 mA/cm? and fill factor also decreased to 49%. Meanwhile the shunt resistance
decreased slightly to 347 ohm/cm? and the series resistance almost doubled compared
with our results with lower boiling point chloroform as processing solvent. This may
be caused by unbalanced hole and electron mobilities as the higher boiling point of o-

dichlorobenzene leading to larger aggregation.
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Figure 3-13 The J-V characteristic for the solar cell device based on (a) P-TOBT-

I:ITIC and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated

using a solution (20 mg/ml) in o-dichlorobenzene at 1500 rpm.

Table 3-5 Summary of device performance of P-TOBT-1:ITIC. The active layer spin-

coated using a solution (20 mg/ml) in o-dichlorobenzene.

J Rs(ohm/  Rsh(ohm/
Sample *  Voc(V)  FF  PCE (%) S(Ozm > (°2m
(mA/cm?) cm?) cm?)
P-TOBT-
13.49 0.76 0.50 5.17 352 19
1ITIC-RT
P-TOBT-
15.32 0.78 0.49 6.27 347 16
1:ITIC-100°C
P-TOBT-
11.72 0.78 0.48 436 330 25
1:ITIC-130°C
P-TOBT-
7.49 0.75 0.48 273 319 27

L:ITIC-160°C
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As discussed before, the grain size of P-TOBT-1:ITIC in o-dichlorobenzene may be too
large. Therefore, the lower boiling point solvent was required to form moderate
domains. Therefore, we consider changing solvent to chlorobenzene of which boiling
point (~135°C) is between chloroform and o-dichlorobenzene. The results of P-
TOBT:ITIC in chlorobenzene are shown in Figure 3-14 and Table 3-6. Consequently,
although the series resistance increases slightly, the fill factor improved from 49% to
60% by almost doubled shunt resistance. This may be caused by the better
heterojunction which could influence the interfacial barrier to facilitate the charge
drifting toward the corresponding electrode.” Therefore, not only morphology, the
contact between layers also plays a significant role in collecting free carriers. However,
the Jsc dropped to 10.93 mA/cm? which may be still caused by unfavorable grain size.

As a result, although the FF improved, the performance is still not as good as that in
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chloroform.
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Figure 3-14 The J-V characteristic for the solar cell device based on (a) P-TOBT-

L:ITIC and (b) P-TOBT-2:ITIC. The active layer (1:1 weight ratio) was spin-coated

using a solution (20 mg/ml) in chlorobenzene at 1500 rpm.

Table 3-6 Summary of device performance of P-TOBT-1:ITIC. The active layer spin-

coated using a solution (20 mg/ml) in chlorobenzene.

Jsc Rs(ohm/  Rsh(ohm/
Sample (mA/cm?)  Voc (V) FF PCE (%) cm?) cm?)
P-TOBT-1:ITIC-
RT 8.61 0.78 0.51 3.49 529 12
P-TOBT-1:ITIC-
100°C 10.93 0.82 0.60 5.43 724 12
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P-TOBT-1:ITIC-

130°C 9.23 0.79 0.53 3.90 523 12
P-TOBT-1:ITIC-
160°C 7.93 0.75 0.47 2.85 438 21

3.3.3 Stability of OPV Performance Based on P-TOBT-1:ITIC.

Although we achieved high efficiency of P-TOBT-1:ITIC, the efficiency dropped from
~9.03% to ~6.55% after 20 mins exposure to air. In the bulk-heterojunction area,
moisture in the active layer of OSCs could lead to a stronger recombination of free
carriers.'% This is the reason why it is difficult for us to measure the EQE, which need
to exposure to air for measurement. The Jsc calculated from EQE (Figure 3-15 (a)) is
13.99 mA/cm?, which is consistent with the 15.35 mA/cm? got from I-V curve after
EQE measurement.

In order to improve the stability of P-TOBT-1:ITIC, wax and PMMA were applied as
encapsulation avoid air exposure and moisture encroachment (Figure 3-15 (c¢) and
Figure 3-15 (d)). We tested the efficiency immediately after encapsulation of wax,
which is lower than that without any encapsulation. However, the performance is quite
stable even after 12h exposure to air. The low efficiency may be caused by the relatively
high temperature of melted wax (~60 °C) which is equivalent to device annealing. On
the other hand, the original efficiency after encapsulation of PMMA was lower and get
worse after exposure to air for 12 h. The I-V curve exhibits obviously low shunt

resistance, indicating PMMA possibly deteriorate the contact between layers.
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Figure 3-15 (a) EQE curve of PSCs and absorption spectra based on
P3HT(rr~98%):ITIC and P3HT(rr~85%):ITIC, (b) the J-V characteristic for the solar
cell device based on P-TOBT-1:ITIC after 20 mins and 12h, (¢), (d) the J-V
characteristic for the solar cell device based on P-TOBT-1:ITIC with wax and PMMA
encapsulation, respectively. The active layer (1:1 weight ratio) was spin-coated using
a solution (16 mg/ml) in chloroform at 1500 rpm, (e) the summery of PCE for

different encapsulation.

Table 3-7 Summary of device performance of P-TOBT-1:ITIC and P-TOBT-2:ITIC

with encapsulation of wax and PMMA.

Without Jsc Voc PCE Rs Rsh
FF
encapsulation (mA/ecm?) (V) (%) (ohm/cm?)  (ohm/cm?)
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P-TOBT-1:ITIC-

15.35 0.82 0.52 6.55 12 679
after 20 min
P-TOBT-1:ITIC-
12.37 090 051 571 13 681
after 12h
Wax Jsc Voc FF PCE Rs Rsh
encapsulation (mA/em?) (V) (%) (ohm/cm?)  (ohm/cm?)
P-TOBT-1:ITIC 11.59 0.83 0.58 5.64 14 1282
P-TOBT-1:ITIC-
10.87 0.83 0.60 5.37 15 1204
After 12h
PMMA Rsh
J V PCE
© 0 FF . Rs(ohm/cm?)
encapsulation (mA/em?) (V) (%) (ohm/cm?)
P-TOBT-1:1ITIC 10.58 0.72 0.47 3.54 25 296
P-TOBT-1:1ITIC-
9.38 0.72 0.31 2.07 61 158

After 12h

3.4 Summery and Future Directions

In conclusion, we report the performance for OSCs of two novel donor polymers with
oxime group. P-TOBT-1, which consists of only Z configuration in the side chain,
exhibited higher stereoregularity, resulting in higher Jsc (19.32 mA/cm?) and PCE
(9.04%). On the other hand, the P-TOBT-2, which contains both Z and E configurations,
showed lower PCE (6.32%) based on P-TOBT-2:ITIC OSCs as a result of lower Jsc
12.66 mA/cm?®. The P-TOBT-L:ITIC exhibited 1.95 x 10* cm*V's  for electron
mobility and 6.34 x 10~ cm*V-!s! for hole mobility, respectively. Additionally, The P-
TOBT-2:ITIC exhibited 7.58x 10 cm?V-!s! for electron mobility and 6.75 x 107
cm?V-Is! for hole mobility, respectively. Compared with P-TOBT-2:ITIC, the higher

electron mobility of P-TOBT-1:ITIC can be explained by XRD and AFM results. The
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better intermixing of donor and accepter phases with lower RMS (0.36 nm) and stronger
crystallinity resulted enhanced the electron mobility of P-TOBT-1:ITIC leading to
higher efficiency while P-TOBT-2:ITIC indicated coarsened morphology (RMS:0.85
nm), weaker crystallinity. Although we obtained high performance OSCs, the
performance of P-TOBT:ITIC was unstable because of air exposure. Sequentially, the
OSCs were encapsulated by PMMA or wax to avoid the exposure to air and moisture

meanwhile those approaches deteriorated surface morphology.

To enhance the stability of P-TOBT-1:ITIC, other methods of encapsulation'! can be
applied in organic solar cells. For the further optimization, the TO electron-efficient
building block could be polymerized with different comonomer!®? to enhance light
absorption as well as to improve the morphology. In addition, the quenching efficiency
in ITIC part are 81% and 77% for P-TOBT-1:ITIC and P-TOBT-2:ITIC respectively.
This may be caused by the relatively small difference (~0.27 eV) between HOMO
energy levels of donor and acceptor. On the other hand, by controlling the
intramolecular electron push-pulling effects, we could tune the absorption spectra
energy levels of ITIC derivatives. %719 Therefore, we could try ITIC derivatives, such
as IT-4F*1% which have a relatively lower HOMO energy level to achieve higher
quenching efficiency.

3.5 Experimental Section

3.5.1 Materials and Characterization

As shown in Figure 3-16, for the *H NMR spectra of P-TOBT-1, two singlet peaks
assigned to the proton in 4-position of thiophene and C-C double bonds together with
a multiple peaks assigned to protons in benzene ring coming from the blocking agent
existed in the aromatic zone, suggesting that all of the side chains of were Z-
configuration. While for PTOBT-2, two sets of peaks which can be assigned to Z and

E configuration with the proton ratio of 1:2 were observed in the aromatic zone,
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indicating that in the process of polymerization, 1/3 of the monomer 4-E convert to 4-
Z as the latter is more stable. The number-average molecular weight (Mn) and
polydispersity index (PDI) of PTOBT-1 and PTOBT-2 are 57.1, 25.3 kDa and 4.73,
1.65, respectively, as determined by gel-permeation chromatography (GPC) using

polystyrene as a standard.
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Figure 3-16 Conversion between the two isomers of monomer. *H NMR spectra

before and after heating in chlorobenzene solution.

3.5.2 Fabrication and Characterization of Inverted Organic Solar Cells

The OSC devices were fabricated using the inverted structure of ITO/ZnO (40
nm)/active layer/MoOs (10 nm)/Ag (100 nm). ITO glass substrates were ultrasonicated
for 20 min sequentially in de-ionized water, acetone and iso-propanol, respectively. The
ZnO precursor was synthesized with the recipe of zinc acetate (197 mg), ethanolamine
(54 ul) and 2-methoxyethanol (2 ml). After stirring vigorously at 50 °C overnight, the
solution was filtered through a 0.5 micrometer syringe filter. Then the substrates were
treated with plasma for 15min. A thin layer of ZnO was deposited through spining
coated at 3500 rpm for 60s and annealed at 200 °C for 1h in the air. All the substrates

were transferred to a nitrogen-filled glove box, where the D/A blend layer (~ 120 nm)
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was spin-coated onto the ZnO layer. The D/A blends were dissolved in CF and the
weight ratio is 1:1 with a total concentration of 16 mg/mL in the glove box. The
solutions were stirred at 50 °C for 12 h, After that, the active layers were thermal
annealed at 100 °C for 20 min before being transferred into a vacuum chamber. Due to
relatively poor solubility in chlorobenzene or o-dichlorobenzene, the active layer was
required to spin coat with hot solution on the post-annealing (100 °C) substrate. Finally,
at P = 5.0 x 10 Pa, a thin layer of MoO3 (10 nm) and a layer of Ag (100 nm) electrode
were deposited in vacuum onto the substrate. The active area is 0.0574 cm?. The current
density-voltage (J-V) characteristics of the devices were measured on an Agilent
B2912A Semiconductor Analyzerwith a Science Tech SLB300-A Solar Simulator. A

450 W xenon lamp and an air mass (AM) 1.5 filter were used as the light source.
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Chapter 4. Summery and Future Directions

In conclusion, this thesis presents the development of polythiophenes which could be
applied into low-cost OSCs. In order to manufacture large-area solar cells, it is still
necessary to develop low-cost donor polythiophenes with simpler synthetic route in
traditional bulk heterojunction structure. Up to now, P3HT has the simplest synthetic
route and exhibits great potential for commercialization. In Chapter 2, to enhance the
interaction between donor and acceptor, P3HT (1r~85%) was applied into OSCs.
Consequently, the PCE (1.33%) was successfully improved compared with P3HT
(rr~98%):ITIC (0.76%). In order to further satisfy the needs for low cost and high
performance, another method is to design and synthesize new novel polythiophenes (P-
TOBT-1 and P-TOBT-2). Ultimately, P-TOBT-1:ITIC OSCs achieved a PCE of 9.04%
after optimization in Chapter 3. To the best of our knowledge, this is the lowest synthetic

cost with high PCE above 9%.

In Chapter 2, P3HT (1rr~85%) was introduced to enhance the interaction between two
phases, which may improve the charge transport and collection. The SCLC results
demonstrate that both hole/electron mobilities of P3HT (1rr~85%):ITIC blend film did
improve compared with P3HT (rr~98%):ITIC. To further investigate the high mobilities
of P3HT (rr~85%):ITIC, we measured both the height and phase AFM of the blend
surfaces. As a result, the P3HT (rr~85%):ITIC blend film exhibited better intermixing
of two phases (RMS:1.13 nm) whereas the P3HT (rr~98%):ITIC blend film
demonstrated large-scale aggregation with higher RMS (2.81 nm). Consequently, a
PCE of 1.33% was obtained based on P3HT (1r~85%):ITIC which is higher than that
of P3HT (11~98%):ITIC (0.76%). Therefore, bimolecular recombination may occur in
P3HT (r1~98%):ITIC, resulting in poor performance. In future, in order to obtain a more

systematically comparative study, P3HT with different regioregularities, such as 70%
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or 90%, are required to characterize their morphology, crystallinity, electrical properties

and OSC performance.

In Chapter 3, two novel donor polymers P-TOBT-1 and P-TOBT-2 were used as donors

to obtain higher Voc and Jsc. Both OSCs based on P-TOBT-1:ITIC and P-TOBT-

2:1TIC exhibited high Voc (0.82 ~ 0.90 V) values as designed. PTOBT-1 contains only

Z configuration in the side chain while PTOBT-2 contains both Z and E configurations.

Compared with P-TOBT-2:1TIC (PCE = 6.32%), the P-TOBT-1:ITIC film exhibited

higher electron mobility and smoother morphology, resulting in a higher PCE (9.04%).

This optimal performance was achieved by inverted structure with the D/A dissolved

in chloroform for spinning coating active layer, indicating better heterojunction and

contact. However, the devices based on P-TOBT-1:ITIC were unstable which may be

caused by exposure to air and moisture. Future work based on P-TOBT polymers can

be focused on following directions:

% To enhance the stability of P-TOBT-1:ITIC, other methods of encapsulation can be
applied in organic solar cells'®!,

s+ The electron-efficient building block (TO) could be polymerized with different
comonomer to enhance light absorption as well as to improve the morphology.

% Try ITIC derivatives'®-1% which have relatively lower HOMO energy level to

achieve higher quenching efficiency.
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