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Abstract

Remarkable progress has been made for non-fullerene based organic solar cells (OSCs), with a
power conversion efficiency (PCE) of over 18% having been achieved. Conjugated polymer
donors consisting of alternating donor and acceptor units can form complementary light
absorption and suitable energy levels with non-fullerene acceptors. Thus, rational design and
matching of the conjugated polymer donor with narrow bandgap non-fullerene acceptors (NFAS)

is essential for breakthroughs in OSC performance.

By incorporating the thiophene unit as a © bridge between the donor unit (BDT) and the acceptor
unit (oxime substituted thiophene (TO)), a new wide bandgap polymer donor TTOT was
designed, synthesized, and characterized. It exhibited wide optical bandgap of 1.98 eV, and the
energy of the highest occupied molecular orbital (Enomo) of TTOT was -5.33 eV. In addition,
TTOT polymer neat film showed a high hole mobility of up to 3.36 x 10 cm?Vv-1s?. By
matching with the non-fullerene acceptor Y6, the as-cast TTOT-based OSC achieved a PCE of
7.65%, Jsc of 23.58 mA/cm?, Voc of 0.62 V, and FF of 0.52. However, the incorporation of
electron-donating thiophene spaces led to a rise in Exomo to -5.33 eV, which resulted in the

relatively low Voc of the OSCs.

To further improve the Voc of TTOT-based OSC, a halogenation strategy was adopted to
downshift the Enomo of TTOT. Two new wide bandgap polymer donors TTOTF and TTOTCI
were designed and synthesized by substituting BDT with fluorinated BDTTDFSn and
chlorinated BDTTDCISn, respectively. Both polymers have wide optical bandgaps of over 1.97
eV, with Enomo’s of -5.46 eV (TTOTF) and -5.48 eV (TTOTCI). Then Y6 was chosen as the
acceptor to investigate the photovoltaic performance. The best TTOTF-based OSC device

showed good device performance with a Jsc of 27.61 mA/cm?, improved Voc of 0.72 V and FF



of 0.69, resulting in an almost two-fold higher PCE of 13.57% when comparing with TTOT
based OSCs. Furthermore, the optimized TTOTCI-based OSC device showed an even higher
PCE of 14.91%, Voc of 0.70 V, FF of 0.68 and a record-high Jsc of 31.03 mA/cm? among non-
fullerene OSCs. The largely increased FF and Jsc are the results of the considerably improved
SCLC hole mobility of TTOTF and TTOTCI in OSCs. In addition, the optimized TTOTF and
TTOTCI-based OSC devices demonstrated excellent long-term air stability, retaining nearly 80%

PCE after 2 months without encapsulation.

Lastly, to further improve the device performance of TTOTCI-based OSCs, some future
directions are proposed. The first approach is to match TTOTCI with non-fullerene acceptors that
have higher EHomo’s than Y6. As a result, the HOMO offset between donor and acceptor can be
reduced, resulting in a lower energy loss and higher device performance. The second approach is
to optimize TTOTCI-based OSC through incorporating LiTFSI as a hole transport enhancement
layer. The OSCs with a thin LiTFSI layer achieved an excellent PCE of 15.96%, with an
enhanced Voc of 0.72 V and FF of 0.71. Further investigations are needed to fully understand the

effect and improve the film quality of the LiTFSI layer.

This thesis demonstrated the use of thiophene 7 spacers with fluorine or chlorine substitutions
are highly effective for reducing energy loss, enhancing charge carrier mobility, and improving
film morphology in OSCs. In addition, the TO-based polymer TTOTCI is a very promising

donor material for fabricating highly efficient and air stable OSCs.
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Chapter 1 Introduction

1.1 Overview of organic solar cell

With the increasing need for renewable energy, solar photovoltaic technology has been the
subject of widespread attention in the past several decades. Silicon-based solar cells are the
dominant contributor in the solar cell market, as they can easily achieve power conversion
efficiencies (PCEs) up to 24% in large-area commercial cases.* Organic solar cells (OSCs),
acting as the alternative candidate for silicon-based solar cells, have the advantages of low
fabrication cost, ease of mass manufacturing, lightweight properties and mechanical
flexibility.>3* The most known high-efficient organic solar cells are constructed using a bulk
heterojunction (BHJ) structure with a p-type conjugated polymer as a donor and an n-type
semiconductor as an acceptor.> Among all the acceptor materials, non-fullerene acceptors
(NFAs) are widely used in recent years due to their tunable optical and electronic properties,
better thermal and photochemical stability, and longer device lifetimes when comparing with
traditional fullerene acceptors.®’ In addition, PCEs over 18% were discovered in non-fullerene
based OSCs.%° Conjugated polymer donors with wide optical bandgaps have the advantage of
forming a complementary light absorption range with narrow bandgap NFAs, and their tunable
frontier molecular orbital (FMO) energy levels make them match well with most of the NFAs
(ITIC, IT-4F, Y6 and etc.). Thus, rational design and matching of the conjugated polymer donor

with narrow bandgap NFAs is essential for achieving breakthroughs in PCE.



1.2 Working mechanism of bulk heterojunction organic solar cells
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Figure 1-1. Device structures of the (a) conventional and the (b) inverted BHJ OSCs.°

As shown in Figure 1-1, the typical structure of a BHJ OSC contains an active layer that consists
of a blend of donor and acceptor materials to form a nanoscale phase separation and
bicontinuous interpenetrating network.'! The active layer is sandwiched between the cathode
buffer layer and anode buffer layer, otherwise referred to as the electron transport layer (ETL)
and hole transport layer (HTL), respectively. These interfacial layers between the active layer
and the electrodes enhanced the solar cell performance and stability in BHJ OSCs.*?
Furthermore, many studies have shown that the inverted configuration tends to exhibit higher

environmental stability than the normal configuration for OSC devices. 31415
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Figure 1-2. Schematic illustrations of the working mechanism in BHJ OSCs.*®



As illustrated in Figure 1-2, the working mechanism of BHJ OSCs can be summarized into four
elementary steps: (1) light absorption and exciton generation; (2) exciton diffusion; (3) charge
dissociation; (4) charge transportation and collection. The initial step is the absorption of the
sunlight, followed by the generation of an electron and hole pair in the active layer. More
specifically, the electron is excited from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) in the donor material upon the absorption of a
photon. Then the photogenerated excitons need to diffuse to the donor/acceptor interface before
recombination, and the diffusion lengths are varied from 5 to 15 nm for conjugated polymer
donors."181920 The third step is driven by the offset between LUMO energy levels of the donor
and acceptor materials, occurring when the electron is transferred from the LUMO of donor to
the LUMO of acceptor. After the dissociation process, the charge carriers will be transported to
the corresponding electrodes through the interpenetrated donor and acceptor pathways. Lastly,

the collected charge carriers at respective electrodes will produce photocurrents.
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Figure 1-3. Current density — voltage (J-V) curve of OSC device.°



To evaluate the OSC device performance, the current density-voltage (J-V) measurement is
utilized to calculate PCE and to characterize performance parameters, such as short circuit
current density (Jsc), open circuit voltage (Voc) and fill factor (FF). Figure 1-3 showed a typical
J-V curve of an OSC device, where Jvee and Vimpp represents the current density and voltage at
the maximum power. Jsc, Voc, Juer and Vvpep can be simply obtained from the J-V curve, and FF

is expressed in Equation (1):

FPv::]MPPXVMPP (1)

VocXJsc
Then the overall PCE can be calculated according to Equation (2):

VocXJscXFF

PCE = ™ 2)

Where Pin is the input power, equalling to 100 MW/cm? under AM 1.5G illumination.

As can be seen in equation (2), since the characteristic parameters (Jsc, Voc, FF) are proportional

to the PCE, these values should be maximized to enhance the OSC device performance.

1.3 Non fullerene acceptors for organic solar cell

Comparing with NFAs, traditional fullerene acceptors, such as Ceo, PCe1BM and PC71BM, have
the drawbacks of poor light absorption, limited chemical-structure and energy-level tunability,
high synthetic cost, and weak morphological stability.?:?2?® In addition, a large energy loss of
0.8 to 1.0 eV was revealed in fullerene-based OSCs.?* As a result, the PCE of the best fullerene
acceptor based OSC was only around 12%.2° In contrast, remarkable progress has been made for
NFAs in the past few years. Benefiting from the tunable energy levels, good light absorption and

flexible geometry, PCEs over 18% were achieved in non-fullerene based OSCs.%°



Among the non-fullerene acceptors, significant effort has been devoted to small molecule
acceptors (SMAS) due to their advantages of adjustable chemical structure and excellent
repeatability in batch-to-batch production when comparing with polymer acceptors.?>? Thus,
two novel series of SMAs, indacenodithiophene (IDT)-based acceptors and Y-series acceptors

will be briefly illustrated.

ITIC-Th

Figure 1-4. Chemical structures of representative IDT-based non-fullerene SMAs.

Figure 1-4 display chemical structures of some representative IDT-based acceptors. Typically,
IDT-based SMASs consist of three parts: 5-11 linearly fused and ladder-type aromatic rings, 4
solubilizing alkyl or alkylaryl side chains, and 2 electron-withdrawing end units which can be
easily modified to tune optical and electrochemical properties.?” For example, IT-4F, the best
performing member in IDT-based acceptor family, was synthesized through the fluorination on
the four end-capping units on ITIC. IT-4F based OSC devices achieved PCEs over 14% when

matching with wide bandgap polymer donors.?829:%



Figure 1-5. Chemical structures of representative Y-series non-fullerene SMAs.

Figure 1-5 shows the chemical structure of some representative Y-series acceptors. Unlike IDT-
based fused-ring electron acceptors, Y-series acceptors utilize an electron deficient core with
multiple nitrogen atoms on the pyrrole rings, leading to high electron mobility and low energy
loss in the OSCs.3! As a result, the PCEs of OSCs utilizing Y-series acceptors were boosted to

over 17%, making them the best performing acceptors to date.®3233:34

1.4 Wide bandgap polymer donors for organic solar cell

Based on the optical bandgap (E°""), polymer donors can be classified into three categories: low
bandgap (LBG, E¢°"* < 1.6 eV), medium bandgap (MBG, 1.6 eV < E¢°"' < 1.8 eV) and wide
bandgap (WBG, E¢° > 1.8 eV).*>% Among them, MBG and WBG polymer donors have been
the subject of widespread attention due to their abilities to form complementary light absorption

with NFAs. Comparing with MBG polymer donors, WBG polymer donors can easily achieve



over 16% PCE in OSC devices.3"383940 Cyrrently, the highest performing non-fullerene OSC

device constructed uses a WBG polymer as the donor.®

D-A polymer donor

1 s
PE1 (PTB7-Th): x = 1 PE16 (PbiTPD): x = 2

PCE: 6.8% PCE: 14.2% PCE: 15.7% & 17.0% PCE: 12.1% PCE: 10.52%

Figure 1-6. Molecular structures of representative BDT-based polymer donors with different A

building blocks, 41:42.34434445

The emergence of D-A type polymers consisting of alternating electron donor (D) and electron
acceptor (A) moieties has dominated the WBG conjugated polymer donor design in the past
decade.*® The incorporation of selected repeating D and A units into the polymer backbone can
rationally tune the optical and electronic properties of polymer donor. This so-called “push-pull”
effect can allow polymer donor being designed in a way that can match well with particular NFA

based on light absorption range, energy levels and charge carrier mobility.*’

Most of the high-performance (PCE >16%) WBG polymer donors were using benzo[1,2-b:4,5-

b’]dithiophene (BDT) based building blocks as the D unit. Whereas representative A building



blocks include FC-TT, TPD, BDD, FBTA and Qx.*® The representative conjugated polymer
donor designed based on the above mentioned building blocks are shown in Figure 1-6. The PCE
of OSC based on different combination of D and A building blocks can vary significantly when
matching with non-fullerene acceptors. Thus, rational design and careful selection of D and A

building blocks are essential for the further improvement and achieving breakthroughs in OSCs.

1.5 zt spacer and halogenation strategies for polymer donor design

In the past decade, various techniques have been successfully implemented to design polymer
donors for highly efficient OSCs.#®°05152 Among them, halogenation strategies such as
fluorination and chlorination can effectively lower the HOMO energy level of the polymer
donor, resulting in better compatibility with NFAs and higher Voc’s in the OSCs.3#53%* |n 2018,
Hou’s group designed and synthesized two novel conjugated polymer donors PBDB-T-2F and
PBDB-T-2Cl through fluorination and chlorination strategy, respectively.>>?° By doing so, they
successfully downshifted the HOMO energy level of the non-halogenated polymer PBDB-T
from -5.34 eV to -5.50 eV (PBDB-T-2F) and -5.52 eV (PBDB-T-2Cl). As a result, OSCs based
on these two polymer donors exhibited lower energy losses and notably improved PCEs of

13.2% (PBDB-T-2F) and 14.4% (PBDB-T-2Cl) in comparison to PBDB-T based OSCs.

Furthermore, spacers such as thiophene, thiazole, selenophene, furan and thieno[3,2-b]thiophene
are widely incorporated in conjugated polymer donors as a 7 bridge to enhance hole mobility in
OSCs by improving backbone planarity, reducing steric hindrance and facilitating electron
delocalization,%639575859.6061 For example, PB3T was designed by incorporating a thiophene unit
between the two identical acceptor units in the conjugated polymer donor PB2T. According to
the DFT simulations, the main backbone twisting angle was largely improved from 87° in PB2T

to 17° in PB3T. Consequently, dramatic hole mobility (6.4 x 108 cm?V 1s1to 1.1 x



10* cm?V1s™!) and PCE (0.08% to 11.7%) improvements were revealed in the OSC devices

when matching with the acceptor IT-M.®2

In this thesis, the above-mentioned halogenation strategy and the incorporation of spacers will be

combined to design conjugated polymer donors for highly efficient OSCs.

X=H, PBDB-T
X=F, PBDB-T-2F
X=Cl, PBDB-T-2Cl

iT-M

Figure 1-7. Molecular structures of PBDB-T, PBDB-T-2F, PBDB-T-2Cl, PB2T, PB3T and IT-

M.

1.6 Polymer and OSC device characterization tools and methods

Polymer characterization methods used in this thesis include nuclear magnetic resonance (NMR),
cyclic voltammetry (CV), ultraviolet-visible (UV-vis) spectroscopy, gel permeation
chromatography (GPC), differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). Whereas OSC devices related characterization techniques are photoluminescence (PL),
external quenching efficiency (EQE) and space charge limited current (SCLC). Finally, atomic
force microscopy (AFM) and X-ray diffraction (XRD) were utilized to characterize the

morphology of polymers and OSC devices.

NMR spectroscopy

NMR spectroscopy was utilized to analyze product purity and to confirm the molecular structure
of the synthesized organic compound. For example, when a nucleus is placed in a strong

9



magnetic field, it will start to spin and cause energy transfer. A unique resonance frequency will
then be generated along with the energy transition and will be detected by radio receivers to form
NMR spectra. In this work, chemical shifts (5) were reported as values (ppm) relative to the
reference compound tetramethylsilane (0 ppm) and *H NMR and *C NMR spectra were

recorded on Bruker DPX 300-MHz in chloroform.
CV measurement

CV was utilized to study the electrochemical properties of polymers. A three-electrode cell was
used, where both the auxiliary and working electrodes are made of platinum rods and the
reference electrode uses Ag/AgCI. A dry acetonitrile solution containing 0.1 M n-BusNPFs was
used as an electrolyte and at a scan rate of 100 mVs. Then the HOMO energy level of the

polymer materials was estimated by the oxidation onset potential vs. Fc/Fc*:

Enomo(eV) = —e (Egnset”™) — 4.8 eV 3)
All data were obtained on a CHIG00E electrochemical analyzer.
UV-vis spectroscopy

UV-vis spectroscopy was utilized to determine the optical properties of the polymers. The UV
absorption spectra of both polymer thin films and solutions can be measured to identify the
absorption range, molecular packing behaviour and E¢°"* of the materials. The E¢°" can be

estimated through the equation shown below:

Eg0pt(€V) =h c_ _ 1240 (eVnm) (4)

Aonset Aonset (nm)

Where h is the Planck constant, c is the speed of light in vacuum and Aonset represents the onset

value of absorption spectrum in thin film.
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Then the LUMO energy level of the polymers can be calculated by:
Erymo(eV) = EgOPt(eV) + Enomo(eV) (5)

All measurements were carried out on a Cary 7000 Universal Measurement Spectrophotometer

(UMS).
GPC measurement

GPC measurement was conducted to analyze the dispersity (D), number average molecular
weight (Mn) and mass average molecular weight (Mw) of the polymer. The column used for GPC
is packed with size-controlled porous gels to separate molecules regarding to their sizes in

eluent, where organic solvents are used for organic polymers.

All measurements were performed on a Malvern HT-GPC system at a column temperature of

110 °C using 1,2,4-trichlorobenzene as the eluent and polystyrene as the standard.
DSC and TGA measurements

Thermal properties of polymers were studied through DSC and TGA analysis. The weight loss of
polymers at different heating temperatures can be monitored through TGA. Polymer thermal
stability can be determined through the thermal degradation profile. DSC can be employed to
investigate the thermal phase transition of the polymers by monitoring the heat flow and
temperature. For amorphous polymers, glass transition temperature (Tg) can be determined,
whereas for semicrystalline polymers, Tg, crystallization temperature (Tc) and melting

temperature (Tm) can be observed.

All TGA and DSC measurements were carried out on a TA Instruments SDT 2960 under

nitrogen at a scan rate of 10 and 20 °Cmin’, respectively.
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PL measurement

The effectiveness of photoinduced charge transfer can be determined through PL measurements.
By exciting the material valence states at a specific wavelength, the PL spectrum is obtained by
recording the emission intensity. To get a high PL quenching efficiency, the HOMO or LUMO
offset of selected donor and acceptor materials must be sufficient and the miscibility of the two

materials need to be sufficient as well.

All photoluminescence spectra were recorded on Horiba PTI QuantaMasterTM 8000 Series

Fluorimeter.

EQE measurement

Quenching efficiency was utilized to characterize the device’s incident photon conversion

efficiency at different wavelengths. It is calculated according to the equation:

Number of charge carriers collected (6)
Number of incident photons

External quenching ef ficiency (EQE) =

The EQE measurement (PV Measurements, QEX10) of TTOTCI-based OSC was carried out
under monochromatic light as filtered by a dual grating monochromator from a xenon arc lamp
source, coupled with a germanium photodiode. The EQE of the TTOT and TTOTF-based

devices were measured by an ORIEL IQE200B system from Newport.
SCL.C mobility measurement

SCLC mobility measurements were carried out in single carrier devices to study the charge
carrier mobilities of polymers and blend films. Hole-only and electron-only devices with
configurations of ITO/PEDOT:PSS (40nm)/Active layer/MoO3 (10 nm)/Ag (100 nm) and

ITO/ZnO (40 nm)/Active layer/LiF (1 nm)/Al (100 nm), respectively, were fabricated. Hole and
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electron mobilities are calculated by fitting the dark J-V curves of the devices using Mott-Gurney

equation:

J= 9gpe, UV ? (7)

8L3

where & is the permittivity of the free space (8.8542 x 10 C'V'm™), g is the active layer

dielectric constant, p is the carrier mobility and L is active layer thickness.®

Furthermore, the dielectric constant (sr) of the active layer material can be calculated using the

equation:

_cd

& = (8)

SoA

where C is the capacitance, & = 8.8542 x 1012 Fm™, A is the active device area and d is the

active layer material thickness.
AFM and XRD characterizations

The surface morphology of the active layer was examined through AFM and the molecular

packing of polymer donors and blend film was studied by XRD measurements.

AFM images were recorded on a Dimension 3100 scanning probe microscope. All XRD patterns
were collected by a Bruker D8 Discover powder diffractometer with a standard Bragg—Bretano

geometry using Cu Ko radiation (A = 1.5418 A).

1.7 Objective and thesis outline
Rapid progress has been made for non-fullerene based OSCs in recent years. However, in
addition to aiming for high PCEs, it is also essential to develop new WBG polymers with low

synthetic cost and long-term environmental stability to work towards commercialization.5+°
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Several techniques have been employed to design polymer donors to form complementary light

absorption and suitable energy levels with NFAs.

In Chapter 2, a new wide bandgap conjugated polymer donor TTOT was designed and
synthesized. DFT simulations were conducted to study the influence of the thiophene spacers.
The synthetic route and synthesis methods of TTOT were given. The thermal, optical, and
electrochemical properties of TTOT was then characterized. Y6 was chosen as the acceptor and
inverted device structure was used to investigate the photovoltaic performance. SCLC mobility
measurement, PL quenching experiment and EQE measurement were carried out to further
understand the device performance. Lastly, AFM and XRD were adopted to characterize the thin

film morphology and microstructure.

In Chapter 3, two new wide bandgap conjugated polymers TTOTF and TTOTCI were designed
and synthesized. DFT simulations were conducted to study the influence of the fluorine and
chlorine atoms. The polymerization methods of TTOTF and TTOTCI were given. The thermal,
optical, and electrochemical properties of TTOT was then characterized. The photovoltaic
properties of these two polymers were studied by J-V curves, SCLC mobility measurement, PL
quenching experiment, EQE measurement and 2-month stability test. Thin film morphology and

microstructure were investigated by AFM and XRD.

In Chapter 4, a summary of this thesis and proposed future directions will be provided.
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Chapter 2 Synthesis and characterization of TTOT polymer

2.1 Introduction

Recently, our group found that the weakly electron-withdrawing alkyloxime-substituted
thiophene (TO) is a very promising building block for the development of high-performance
wide bandgap polymer donors for NFA-based OSCs.®*®” PTOBT and PBDTTO, which are
copolymers of TO with common electron donating building blocks, bithiophene (BT) and
benzodithiophene (BDT), have shown complementary light absorption and matching FMO
energy levels with those of ITIC and Y6, reaching high PCE of 9.04% and 13.29%, respectively.
One attractive feature of TO is its simple synthesis, which can effectively reduce the synthetic
complexity and eventually the cost of OSCs, which is essential for the practical application of
OSCs. While PTOBT showed a high hole mobility of up to 1.64 x 102 cm?V1s as the active
layer in organic thin film transistors (OTFTSs), its SCLC hole mobility is three orders of
magnitude lower (6.73 x 10° cm?V-1s1), due to the unfavourable edge-on crystal orientation of
the polymer chains in the thin film. The low SCLC hole mobility resulted in in a relatively low
FF of 0.5 for the OSC devices.®® By replacing the BT donor units with the larger fused BDT
units, the resultant PBDTTO showed improved SCLC hole mobility of up to 2.05 x 10* cm?V-1s’
187 Although the FF of the OSC device was improved to 0.59, it is still inferior to the state-of-the
art FF values (up to 0.78).%° We found that the chain packing in the PBDTTO film is rather
disordered, which is likely caused by the steric repulsion of the alkyloxime side chains and the

adjacent BDT unit.
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Figure 2-1. Chemical structures of PTOBT and PBDTTO.

As mentioned in Chapter 1, n-spacers are widely utilized in conjugated polymer donors as «
bridges to enhance hole mobility in OSCs. Thus, to further reduce steric hindrance and improve
backbone planarity of BDT-TO-based polymer donors, a thiophene unit was employed between
the BDT and TO unit to enhance SCLC hole mobility. The resultant polymer poly{(Z)-5"-(4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b"]dithiophen-2-yl)-5-methyl-
[2,2":5',2"-terthiophene]-3'-carbaldehyde O-(2-butyloctyl) oxime}(TTOT) indeed showed a
greatly enhanced SCLC mobility of up to 3.36 x 10 cm?Vv-1s. By matching with the non-
fullerene acceptor Y6, the best TTOT-based OSC device showed good device performance with
a Jsc of 23.58 mA/cm?, Voc of 0.62 V, FF of 0.52 and PCE of 7.65%. However, the
incorporation of electron-donating thiophene spaces led to a rise in the Enowmo to -5.33 eV, which

resulted in the relatively low Voc of the OSCs.

In this chapter, the synthesis as well as the detailed characterizations of TTOT polymer will be
provided. The photovoltaic properties, surface morphology and molecular packing of TTOT will

also be investigated. At the end, the conclusion and future directions will be given.
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2.2 Structure simulation by density functional theory

(@) .o 2yt
Jﬂ,‘l JJJ " ‘J‘)
La, oo P 659, s % P bt &
> W Jerae a 2 a L]
9P ASE AT ST LA 0% e g ot g
2% e 3379 3370a 5 09 ’);&-3740* ST P P (X
@ 4 & J{af1a > "n ™ 24.51 o 4 ‘ [ [ jﬂ'
3 = o] 4 12.63° ; & LT 4 4 > (*]
I s % aJn.J & 25 -,
&> ‘ﬁ @ e 'hd d
- J," * ‘JJ
(b) @ Lo 2
od g9, ‘
- >
4293 4 2 *o *‘ " '. 0‘ ‘b.I 3 T
g J‘». {)JJ a3
v o e 5N "3“ '5‘ \ ‘. ,' J
o » 4
u.ff .a, "

+ 4 J

Figure 2-2. Chemical structure, top and side view of DFT computed molecular geometry,

LUMO, and HOMO of compound DTTOT (a, b, c, d).

The density functional theory (DFT) calculations were carried out by Gaussian 09 with a hybrid
B3LYP correlation function and 6-31G (d) basis set. The simulation was conducted on the dimer
unit of TTOT, namely, DTTOT. The influence of the incorporation of the thiophene spacer was
investigated, where the 2-ethylhexyl side chains on BDT unit and the 2-butyloctyl side chain on

the TO unit were replaced by methyl group to reduce computation time.

As shown in Figure 2-2, the dihedral angle of PBDTTO was reduced from 38.8° to 37.2° by
utilizing the thiophene unit as a n-bridge between the BDT and TO unit.®” The slightly more
planar backbone structure of DTTOT is essential for achieving a higher SCLC hole mobility in
OSCs. Furthermore, DTTOT exhibited delocalized electrons for both HOMO and LUMO along
the conjugated backbone, which is also essential for efficient charge separation.58:6%7
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2.3 Synthesis of TTOT
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Figure 2-3. Synthetic route of TTOT.

The synthetic route of TTOT polymer is shown in Figure 2-3. (Z)-2,5-dibromothiophene-3-
carbaldehyde oxime (1) was prepared through two simple and high-yield steps as previously
reported.®® Pure compound 2 was obtained through alkylation reaction using 2-butyloctyl
bromide. It was then copolymerized with commercially available 2-(tributylstannyl) thiophene
through a palladium-catalyzed Stille coupling reaction to form compound 3 with a yield of 81%,
followed by a 98% yield bromination reaction using N-bromosuccinimide to obtain monomer
compound 4. Lastly, polymer TTOT was synthesized under a typical Stille cross coupling

condition, and it showed good solubility in both chloroform and chlorobenzene.

Detailed synthesis procedures and NMR spectra are included in the experimental section.
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2.4 Characterization of TTOT

2.4.1 Thermal properties

(a) 100 —TTOT (b) — TTOT
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Figure 2-4. (a) TGA and (b) DSC curves of TTOT.

The thermal properties were studied by TGA and DSC. TGA result was shown in Figure 2-4 (a).
TTOT polymer showed a 1% and 5% weight loss at temperature of 269 and 304°C, respectively,
demonstrating a good thermal stability of TTOT for OSC devices. The DSC curves was shown in
Figure 2-4 (b) at a temperature range of -20 to 230°C. No obvious phase transition peaks were
observed in either endothermic or endothermic process, indicating the poor crystallinity of TTOT

polymer or the decomposition temperature is lower than the melting point.

2.4.2 Optical and electrochemical properties

The optical property of TTOT polymer was investigated by UV-Vis spectroscopy. Figure 2-5 (a)
shows the absorption spectrum of the polymer in chloroform solution, in thin films without
annealing and annealed at 100°C. In chloroform solution, TTOT has a maximum absorption
wavelength (imax) located at 536 nm and no pre-aggregation behaviour was observed. Whereas

TTOT thin film showed a Amax at 539 nm and a shoulder peak around 568 nm, which is attributed
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to the n-n stacking of the polymer backbones. In addition, the shoulder peak was intensified at an
annealing temperature of 100°C, indicating a more ordered molecular packing in solid state after
thermal annealing. The optical bandgap of TTOT was calculated to be 1.98 eV. The wide
bandgap and strong UV absorption in the region from 425 nm to 620 nm wavelength is optimal

for pairing with most of the NFAs to form complementary UV absorption in OSCs.

Cyclic voltammetry was utilized to measure the HOMO and LUMO energy levels of TTOT. As
shown in Table 2-1, the Enomo of TTOT is calculated to be -5.33 eV and is 0.27 eV higher than
that of PBDTTO (Enomo = -5.60 eV). The rise in the HOMO energy level is mainly caused by
the incorporation of the electron-donating thiophene spacers, which potentially might cause a

decrease in the Voc of OSC devices.

Table 2-1. Molecular weights, optical and electrochemical properties of TTOT.

Mn MW /lmax ionset EgOpt EHOMO ELUMO
Polymer — wpay «pa) P (my MMy @) (V)P (V)
TTOT 1328 1445 175 539,569 627 198 533  -3.35

2 Obtained from thin film absorption spectra; ® obtained by Enomo = —(4.80 + Eonse®); € obtained
by ELumo = Eromo + E¢°P.
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Figure 2-5. (a) Normalized UV-vis absorption spectra of TTOT in chloroform solution, in thin
films at room temperature and anneal at 100°C, (b) normalized UV-vis absorption spectra of
TTOT and Y6 in thin films, (c) chemical structures of TTOT and Y6, (d) frontier energy levels

of TTOT and Y6 thin films.

2.5 Organic photovoltaic performances

The organic photovoltaic (OPV) performance of TTOT was evaluated by matching with a non-
fullerene small molecular acceptor Y6 due to their suitable energy levels and complementary
light absorption as shown in Figure 2-5 (b, d). The OSC devices were constructed using an
inverted structure of ITO/ZnO/Active layer/MoO3s/Ag, where the active layer consists of the

polymer donor TTOT and the NFA Y6.
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Prior to device fabrication, the exciton diffusion and dissociation behaviour in the blend film was
investigated through PL quenching experiments. As shown in Figure 2-6, TTOT:Y6 blend film
showed excellent PL quenching efficiencies of 99.4% and 98.7% in the short and long
wavelength region, respectively. The results showed that the size of the donor and acceptor phase
in the blend film is smaller than the exciton diffusion length, and the exciton dissociation at the

donor-acceptor interface is efficient as well.

—— TTOT neat fim ' (b) ~ Y& neat film
—— TTOT:Y6 blend film

(a)

—— TTOT:YE blend film

1
Intensity (*10"4)

Intensity (*1045)
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Figure 2-6. PL spectra of (a) TTOT neat and TTOT:Y6 blend films excited at 540 nm. (b) Y6

neat and TTOT:Y®6 blend films excited at 800 nm.

The OSC device was then fabricated and serval parameters including the active layer thickness,
thermal annealing, different processing solvents and different acceptors were optimized (Table 2-

4, 2-5). The TTOT-based OSC performance results were summarized in Table 2-2.
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Table 2-2. Photovoltaic results of the optimized TTOT-based OSC.

Temperature  Thickness Jsc (MA/cm?) 2 Voc (V)2 FF@ PCE (%) @
RT 108 nm 2358 (22.20+1.22) 0.62(0.62+0.0059) 0.52(0.51+£0.012) 7.65 (6.96 + 0.66)
RT 95nm 2156 (21.16 £+1.03) 0.63(0.62+0.079)  0.55(0.50 £ 0.032)  7.38 (6.68 + 0.73)
100°C 95 nm 21.50(21.51+0.42) 0.59(0.57+£0.012) 0.52(0.50+0.028) 6.61 (6.10 = 0.40)

Processing solvent: chloroform, D/A ratio: 1:1, annealing time: 20 min.

4The values in parenthesis are average values and standard deviation obtained from at least four
devices.

The as-cast TTOT-based device yielded a best PCE of 7.65% with a Jsc of 23.58 mA/cm?, Voc
of 0.62 V and FF of 0.52. The Jsc value is comparable to that of the as-cast PBDTTO based
device (23.53 mA/cm?).5” However, due to the higher Enomo (0.27 V) of TTOT, Voc of the
OSC device was only 0.52 V, which is 0.31 V lower than that of the best PBDTTO based device.
Furthermore, the FF is also low comparing to other NFA-based OSCs.%%717273 This low FF could
be caused by the disordered or edge-on molecular packing of TTOT thin film and the
unfavorable surface morphology TTOT:Y6 blend film. In addition, the unbalanced mobility ratio
can also lead to a decrease in FF. At an annealing temperature of 100°C, the OSC device
exhibited lower Voc (0.63 to 0.59 V) and FF (0.55 to 0.52) than that of as-cast device. This result
might be indicative of the more disordered and rougher surface of the active layer film after
thermal annealing. As a result, SCLC mobility measurements, AFM and GIXD characterizations

will be carried out to further explain the results.
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Figure 2-7. (a) Chemical structures of (3PS),-SiPc and Zn(WS3).-CF3, (b) frontier energy levels

of TTOT, (3PS)2-SiPc and Zn(WS3),-CF3 thin films.

Before further investigations of TTOT:Y6 systems, two acceptors, namely (3PS).-SiPc and
Zn(WS3)2-CF, were chosen to match with TTOT to enhance Voc in OSCs. Both acceptors have
low synthetic complexity and higher Enomo than that of Y6, can effectively reducing the HOMO
offset (0.41 eV to 0.21 and 0.16 eV) and energy loss in TTOT based devices.”*”™ The UV
absorption spectra and PL quenching results were shown in Figure 2-19, 2-20 and 2-21. The
device performances were summarized in Table 2-6 and Table 2-7. The best (3PS)2-SiPc based
device only reached a PCE of 0.38% with an extremely low Jsc of 1.12 mA/cm?, a Voc of 0.60 V
and an FF of 0.48. While the best Zn(WS3).-CF3 based OSC had a slightly higher PCE of
1.74%, a Voc of 0.73 V and an FF of only 0.41. The low Jsc’s were mainly attributed to the
narrow UV absorption range and poor quenching efficiencies. Although the Voc of TTOT:
Zn(WS3)2-CF3-based device improved from 0.62 V to 0.73 V, this came at the cost of reducing

Jsc significantly, resulting in much lower photovoltaic performance.
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Figure 2-8. (a) J-V curve of the OSC device based on TTOT:Y6 blend film at room temperature,

(b) J¥2-V curves of hole-only and electron-only devices of TTOT:Y6 system.

SCLC mobility measurement was carried out to study the charge carrier mobilities of TTOT. As
shown in Table 2-3, the hole mobility (un) of the TTOT neat film at room temperature was
measured to be 3.36 x 10 cm?V-1st. This value is 16 times higher than that of PBDTTO (i
=2.05 x 10* cm?Vv-1s1), indicating the improved backbone planarity indeed facilitated charge

carrier transfer.

For the TTOT:Y6 blend films, the measured SCLC i and electron mobility (pe) are 2.84 x 10
cm?V1st and 3.22x10° cm?V-1s, respectively. Compared to the mobilities of the neat TTOT
and Y6 films (pe = ~10*-10° cm?Vv-1s),% the significantly decreased hole and electron
mobilities in the blend compared to their neat films indicate that the phase separation in the
TTOT:Y6 blend is not optimal. This could have been a result of the inability to form efficient
hole and electron transport channels, resulting in lower solar cell performance. In addition, the
highly unbalanced pn /P ratio (8.82) will potentially lead to the buildup and recombination of

charge carriers, resulting in a decrease in the Jsc and FF.
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Table 2-3. SCLC mobilities of TTOT neat films and blend films at room temperature.

Neat film / Blend film  phmax (Mhavg £ Std) (€m? V2 ST Hemax (Heavg £ Std) (M2 V1S 2 iy / e

TTOT -RT 3.36x107 (2.24x10°+6.47x10%) - -
TTOT:Y6 - RT 2.84x10(2.52x10+1.80x10%)  3.22x105(1.70x105+1.05x10%)  8.82

2 Above values are obtained from at least four devices.

The surface morphology of the active layer was examined through AFM and the molecular

packing of polymer donor and blend film was studied by XRD measurements.
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Figure 2-9. AFM height images of TTOT:Y6 blend film (a) at room temperature and (b)

annealed at 100°C.

As shown in Figure 2-9, the root mean square (RMS) roughness reached 6.24 nm and large
pinholes were observed in the TTOT:Y6 blend film at room temperature. The coarse film
morphology would result in a poor interface between the active layer and the hole transport layer
(Mo00:s), leading to lower hole collection efficiency and recombination at the interface.

Furthermore, the TTOT:Y6 blend film showed an even higher RMS value of 10.75 nm at an
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annealing temperature of 100°C. The largely increased surface roughness explained the

decreased Voc and PCE of the OSC device after thermal annealing.
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Figure 2-10. In-plane (a) and out-of-plane (b) line cuts of GIXD patterns of TTOT neat films at

different annealing temperatures.
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Figure 2-11. 2D-GIXD patterns of the TTOT neat films at different annealing temperatures.

As shown in Figure 2-10 and 2-11, the amorphous peak (26 = ~21°) of the as-spun TTOT neat

film (room temperature) in both in-plane and out-of-plane line cuts disappeared when annealed
at 100°C or higher, which indicates that the film became less amorphous. However, no lamellar
or 7t- 7 stacking peaks were observed for all annealing temperatures in both directions, which

suggests that the annealed TTOT thin films remained poorly crystalline.
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2.6 Conclusions and future directions

In conclusion, to further improve backbone planarity of BDT-TO-based polymer donors, a new
wide conjugated bandgap polymer TTOT was designed with the incorporation of thiophene
spacers for non-fullerene OSCs. It indeed showed a significantly enhanced SCLC hole mobility
of up to 3.36 x 10 cm?V-!s't. However, due to the utilization of the electron-donating thiophene
spacers, TTOT has a high Enomo of -5.33 eV. Furthermore, TTOT showed strong light
absorption in the range from 425 to 620 nm wavelength region with a wide optical bandgap of
1.98 eV, which makes its UV absorption complementary to most of the NFAs. By pairing with
the non-fullerene acceptor Y6, the best device showed a PCE of 7.65% with a Jsc of 23.58
mA/cm?, relatively low Voc of 0.62 V and FF of 0.52. A large energy loss was revealed in the
TTOT:Y6 based device, which is due to the large Enomo offset of the donor and acceptor
materials. To further enhance the OSC performance, halogenation strategies such as fluorination
or chlorination can be employed to downshift the EHomo of TTOT. As a result, the energy loss

can be reduced to achieve a higher Voc and PCE in OSCs.

2.7 Experimental section

Synthesis of (Z)-2,5-Dibromothiophene-3-carbaldehyde O-(2-butyloctyl) oxime (2)"®

K2CO3 (1.21 g, 8.77 mmol) was added to a mixture of 2-butyloctyl bromide (1.09 g, 4.39 mmol)
and compound 2 (1.51 g, 5.26 mmol) in DMF (25mL). After 48 h stirring at room temperature,
the mixture was quenched with NaHCO3 and extracted with dichloromethane. Then the organic
phase was washed with NaHCO3 solution and dried over anhydrous Na;SOs. The crude product
was purified through column chromatography using hexane as eluent, and the pure product
appeared as transparent oil after vacuo. Yield: 1.27g. (64%) 'H NMR (300 MHz, CDCls): §

(ppm) 8.02 (d, 1H), 7.30 (t, 1H), 4.06-4.03 (m, 2H), 1.71 (s, 1H), 1.31 (s, 16H), 0.90 (t, 6H). 13C
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NMR (75 MHz, CDCI3): 6 (ppm) 141.23, 134.41, 127.88, 112.85, 112.29, 77.97, 37.73, 31.89,

31.22,30.92, 29.72, 28.98, 26.71, 23.09, 22.71, 14.13.
Synthesis of (Z)-[2,2":5",2"'-terthiophene]-3'-carbaldehyde O-(2-butyloctyl) oxime (3)”’

Anhydrous DMF (15 mL) was injected through a septum to a 50 ml round bottom flask charged
with compound 2 (0.57 g, 1.26 mmol) and 2-(Tributylstannyl) thiophene (1.17 g, 3.14mmol).
Then tetrakis(triphenylphosphine)palladium (14.53 mg, 12.53 umol) was added in dry DMF
through syringe. The mixture was heated to 100°C under argon in dark for 24 h. KF solution was
added, and the crude product was extracted with dichloromethane, washed with NaHCO3, and
dried over anhydrous Na>SOs. Purification was done by column chromatography using
dichloromethane and hexane (1:4) as the eluent. Pure product was obtained after vacuo as yellow
oil. Yield: 0.47g. (81%) 'H NMR (300 MHz, CDCI3): & (ppm) 8.29 (s, 1H), 7.51 (s, 1H), 7.40-
7.38 (m, 1H), 7.27-7.25 (m, 1H), 7.22-7.21 (m, 1H), 7.16-7.15 (m, 1H), 7.10-7.19 (m, 1H), 7.05-
7.02 (m, 1H), 4.09 (d, 2H), 1.73 (t, 1H), 1.33-1.29 (t, 16H), 0.91-0.86 (t, 6H). 3C NMR (75
MHz, CDCI3): § (ppm) 142.75, 136.60, 136.36, 134.80, 133.72, 131.07, 127.87, 127.54, 126.99,
125.16, 124.34, 122.03, 77.67, 37.74, 31.88, 31.26, 30.96, 29.72, 28.97, 26.71, 23.10, 22.69,

14.04.

Synthesis of (Z)-5,5""-dimethyl-[2,2":5",2""-terthiophene]-3'-carbaldehyde O-(2-butyloctyl)

oxime (4)>°

Compound 3 (400 mg, 0.87 mmol) and N-bromosuccinimide (NBS) (317.5 mg, 1.78 mmol) was
added into DMF (10 mL). The mixture was stirred at room temperature for 24 h, water was
added into the mixture. Then the product was extracted with dichloromethane, and the organic

layer was washed with NaHCO3 and water. The pure product appeared as brown oil without
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further purification. Yield: 0.523g. (98%) *H NMR (300 MHz, CDCI3): § (ppm) 8.21 (s, 1H),
7.90 (s, 1H), 7.42 (s, 1H), 7.06 (d, 1H), 6.98 (d, 1H), 6.95 (d, 1H), 6.90 (d, 1H), 4.16 (d, 2H),
4.08 (d, 2H), 1.74 (s, 1H), 1.32 (d, 16H), 0.91 (d, 6H). 3C NMR (75 MHz, CDCI3): 5 (ppm)

142.08, 135.93, 133.61, 130.71, 127.88, 124.58, 122.35, 113.94, 112.11, 77.85, 37.76, 31.90,

31.25, 30.95, 29.74, 28.98, 26.72, 23.11, 22.71, 14.15.
Synthesis of TTOT

To a dried 25ml 2-necked round bottom flask, added tris(o-tolyl)phosphine (P(o-tol)s) (0.08
equiv.), compound 4 (1 equiv.) and 1,1'-[4,8-Bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] (BDT) (1 equiv.). Followed by adding 4ml
anhydrous chlorobenzene and stirring the mixture until dissolved. Then tris-
(dibenzylideneacetone)dipalladium (Pd2(dba)s) (0.02 equiv.) was injected through septum in
anhydrous chlorobenzene to the stirring mixture. After 24 h reaction at 90°C under dark and
argon atmosphere, 0.5 ml 2-bromobenzene was added. After cooling to room temperature, the
mixture was poured into 150 ml methanol. The solid was collected by filtration, purified through
Soxhlet extraction using acetone, hexane, and chloroform. The target polymer TTOT was

obtained from chloroform fraction, the yield was 88.3mg (88%).
OSC device fabrication

The OSC devices were fabricated using an inverted structure of ITO/ZnO (40 nm)/Active
layer/MoO3 (10 nm)/Ag (100 nm). The ITO glass substrate was emersed and ultrasonicated in
deionized water, HPLC acetone and HPLC iso-propanol for 20 minutes. The ZnO precursor
solution was prepared by mixing 197 mg zinc acetate, 54 pl ethanolamine and 2 ml 2-

methoxyethanol at room temperature overnight. Then the solution was filtered with 0.22 um
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PTFE filter before use. A 40-nm thick ZnO was spin coated onto 10 min O plasma cleaned ITO
glass substrate at a spin rate of 3500 rpm for 60 s, followed by annealing at 200°C for one hour
in the air. The active layer was prepared by stirring a mixture of donor and acceptor material
(D/A ratio=1:1) at a concentration of 20 mg/ml overnight in the glovebox. At a spin rate of 4000
rpm, TTOT:Y6 (108 nm) was coated onto the substrate in glove box after filtering with 0.22 um
PTFE filter. The device was then transferred to the thermal evaporator and vacuumed until the
chamber pressure is below 1x107 torr. The MoOs layer (10 nm) was coated at a deposition rate
of 0.5 A/s, and the Ag layer (100 nm) was coated at a deposition rate of 1 A/s. Each device has
an area of 0.0574 cm?. An Agilent B2912A Semiconductor Analyzer equipped with a Science
Tech SLB300-A Solar Simulator was used to measure the current density-voltage (J-V) curve,

and the light source came from a 450 W xenon lamp and an air mass (AM 1.5G) filter.
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Figure 2-12. *H NMR spectra of compound 2.
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Figure 2-14. *H NMR spectra of compound 3.
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Figure 2-15. 13C NMR spectra of compound 3.
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Figure 2-18. (a) Cyclic voltammograms of TTOT thin film. (b) UV-vis absorption spectra of

TTOT thin film at room temperature.
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Figure 2-19. UV-vis absorption spectra of TTOT and (a) (3PS)2-SiPcand (b) Zn(WS3).-CF3

thin films at room temperature.
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Figure 2-20. PL spectra of (a) TTOT neat and TTOT:(3PS)2-SiPc blend films excited at 550 nm.

(b) (3PS)2-SiPc neat and TTOT:(3PS)2-SiPc blend films excited at 690 nm.
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Figure 2-21. PL spectra of (a) TTOT neat and TTOT:Zn(WS3)2-CF3 blend films excited at 550

nm. (b) Zn(WS3),-CF3 neat and TTOT:Zn(WS3),-CF3 blend films excited at 690 nm.

Table 2-4. Performance optimization of TTOT:Y6 based devices with different active layer film

thickness and annealing temperature.

Temperature  Thickness Jsc (MA/cm?) 2 Voc (V)2 FF@ PCE (%) @
RT 205nm  18.06(18.30 £0.34)  0.65(0.65+0.0011)  0.40 (0.40 +0.0086) 4.75 (4.73 + 0.01)
RT 180 nm  20.57(19.20 £1.07)  0.66(0.65+0.0058)  0.44 (0.44 +0.0043)  6.00 (5.52 + 0.38)
RT 165nm  20.23(19.13+1.04)  0.67(0.66 + 0.0065)  0.47 (0.47 +0.020)  6.35 (5.86 + 0.51)
RT 115nm 2419 (2150 +2.35)  0.63(0.62+0.012)  0.49 (0.47 +0.019)  7.49 (6.33 + 1.04)
RT 108 nm 2358 (22.20+1.22)  0.62 (0.62+0.0059)  0.52 (0.51+0.012)  7.65 (6.96 + 0.66)
RT 100nm  21.34(21.03+0.70)  0.63(0.63+0.0045)  0.54 (0.52 +0.025)  7.29 (6.84 + 0.51)
RT 95 nm 2156 (21.16 £ 1.03)  0.63(0.62+0.079)  0.55(0.50 +0.032)  7.38 (6.68 + 0.73)
100°C 95nm 2150 (21.51+0.42) 059 (0.57£0.012)  0.52(0.50 +0.028)  6.61 (6.10 = 0.40)

Processing solvent: chloroform, D/A ratio: 1:1, annealing time: 20min.

&The values in parenthesis are average values and standard deviation obtained from at least four
devices.
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Table 2-5. Performance optimization of TTOT:Y6 based devices with different processing

solvents.

Processing Solvent Thickness Jsc (MA/cm?) 2 Voc (V)? FF@ PCE (%) @
Chlorobenzene 125nm 17.14 (16.78+0.32) 0.58 (0.58 £ 0.0046)  0.55 (0.55 +0.006) 5.37 (5.32 £ 0.06)
Chlorobenzene  105nm  17.03 (16.55+0.58)  0.57 (0.57 £ 0.0025)  0.59 (0.58 + 0.013)  5.77 (5.48 + 0.27)
Chlorobenzene 80nm 16.84 (16.22+0.70) 0.59 (0.59 + 0.0001)  0.55 (0.56 £ 0.010)  5.46 (5.28 £ 0.17)

Dichlorobenzene 72 nm 10.88 (10.6 + 0.64) 0.57 (0.57 £ 0.012) 0.58 (0.57 £ 0.006) 3.61(3.38 £0.27)
Dichlorobenzene 68nm  10.55(9.62+0.74) 0.58 (0.57 +£0.0076) 0.58 (0.57 £0.005) 3.54 (3.16 £ 0.31)

Processing temperature: RT, D/A ratio: 1:1.

&The values in parenthesis are average values and standard deviation obtained from at least four

devices.

Table 2-6. Performance optimization of TTOT:(3PS)2-SiPc based devices with different active

layer film thickness and annealing temperature.

Temperature  Thickness (nm)  Jsc (MA/cm?)  Voc (V) FF PCE (%)
RT 135 1.3 0.68 0.35 0.31
RT 130 1.05 0.64 0.29 0.19
RT 120 1.16 0.63 0.34 0.25
RT 100 1.42 0.67 0.33 0.31
100°C-20min 130 1.12 0.60 0.48 0.38

D/A ratio: 1:1; Solvent: chloroform; Active layer concentration: 16mg/ml.
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Table 2-7. Performance optimization of TTOT:Zn(WS3),-CF3 based devices with different

active layer film thickness.

Temperature  Thickness (nm)  Jsc (MA/cm?)  Voc (V) FF PCE (%)
RT 120 4.89 0.71 0.37 1.28
RT 115 5.88 0.73 0.41 1.74

D/A ratio: 1:1; Solvent: chloroform; Active layer concentration: 16mg/ml.

Table 2-8. Dielectric constant and other related parameters of TTOT neat and blend films.

Neat film / Blend film Cq (pF) @ f (Hz) er?
TTOT -RT 936 5%x10° 3.50
TTOT:Y6 - RT 1396 5x10° 4.95

2 Above values are obtained from at least five devices.
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Chapter 3 Synthesis and characterization of TTOTF and TTOTCI polymers

3.1 Introduction

In Chapter 2, a new wide bandgap conjugated polymer donor TTOT was designed and
synthesized. Due to the incorporation of the n-spacers, the polymer backbone planarity was
enhanced and showed a high neat film hole mobility of 3.36 x 10 cm?V-!st, However, the OSC
device performance was relatively low, mainly attributed to the low Voc caused by large EHomo
offset. Halogenation strategies such as fluorination or chlorination can be employed to
effectively downshift the EHomo of TTOT, resulting in better compatibility with NFAs and Voc
in the OSCs.3*%%5* Therefore, we used a fluorine-substituted and a chlorine-substituted BDT
monomer to synthesize two new polymers poly{(Z)-5"-(4,8-bis(4-fluoro-5-(2-
ethylhexyl)thiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b"]dithiophen-2-yl)-5-methyl-[2,2".5',2"-
terthiophene]-3'-carbaldehyde O-(2-butyloctyl) oxime}(TTOTF) and poly{(Z)-5"-(4,8-bis(4-
chloro-5-(2-ethylhexyl)thiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b"]dithiophen-2-yl)-5-methyl-

[2,2":5',2"-terthiophene]-3'-carbaldehyde O-(2-butyloctyl) oxime}(TTOTCI), respectively.

Both polymers have wide optical bandgap of over 1.97 eV and strong light absorption from the
425 to 620 nm wavelength region. TTOTF (Exomo = -5.46 eV) has a 0.13 eV lower-lying EHomo
than that of TTOT, while TTOTCI further brings down the Enomo to -5.48 eV. To investigate the
OSC device performance of these two polymers, Y6 was then chosen as the acceptor. The best
TTOTF-based OSC device showed good device performance with a Jsc of 27.61 mA/cm?,
significantly improved Voc of 0.72 V and FF of 0.69, resulting in an almost two-fold higher PCE
of 13.57% when comparing to TTOT-based OSCs. Furthermore, the optimized TTOTCI-based
OSC device showed an even higher PCE of 14.91%, with a Voc of 0.70 eV, a FF of 0.68 and a

record-high Jsc of 31.03 mA/cm? among non-fullerene OSCs.*3°%° The largely increased FF and
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Jsc are the results of the considerably improved SCLC hole mobilities of TTOTF and TTOTCI in
OSCs. In addition, with the incorporation of the LiTFSI as a hole transport enhancement layer,
the performance of the best TTOTCI-based OSC achieved an excellent PCE of 15.96%, with an
enhanced Voc of 0.72 V and FF of 0.71. The optimized TTOTF and TTOTCI-based OSC
devices demonstrated excellent long-term stability without encapsulation under ambient
condition. The TTOTCI-based OSC retained 90.4 % PCE of its initial value over a 30-day
period, and both systems had almost 80% PCE retention after a 60-day period. This work
demonstrates the potential of the TO-based polymer donor TTOTCI for the fabrication of highly

efficient and stable OSCs.

3.2 Structure simulation by density functional theory
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Figure 3-1. Chemical structures, top and side views of DFT computed molecular geometry,

LUMOs, and HOMOs of compound DTTOTF (a, b, ¢, d) and DTTOTCI (c, f, g, h).

The DFT calculations were carried out by Gaussian 09 with a hybrid B3LYP correlation function
and 6-31G (d) basis set. The simulation was conducted on the dimer units of TTOTF and
TTOTCI, namely, DTTOTF and DTTOTCI. The influence of the incorporation of the fluorine
and chlorine atom was investigated, where the 2-ethylhexyl side chains on BDT unit and the 2-

butyloctyl side chain on the TO unit were replaced by methyl groups to reduce computation time.

According to DFT results (Figure 3-1), the dihedral angle of DTTOTF and DTTOTCI were
36.74° and 37.76°, respectively. The simulated EHomo’s of DTTOTF and DTTOTCI are -4.969
eV and -4.999 eV, respectively, which is 0.107 eV and 0.137 eV lower than that of DTTOT.
These computational results clearly showed that the replacement of hydrogen with fluorine and
chlorine atoms did not affect the backbone planarity but could effectively reduce the HOMO

energy level. Further confirmations will be illustrated through experimental results.

3.3 Synthesis of TTOTFand TTOTCI
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Figure 3-2. Synthetic routes of TTOTF and TTOTCI.

The synthetic routes of TTOTF and TTOTCI polymers are shown in Figure 3-2. The monomer

compound 4 was prepared as reported in Chapter 2. Then TTOTF and TTOTCI polymers were
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synthesized under a typical Stille cross coupling condition using 2,6-bis(trimethytin)-4,8-bis(5-
(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene (BDTTDFSn) and 2,6-
bis(trimethytin)-4,8-bis(5-(2-ethylhexyl)-4-chlorothiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene
(BDTTDCISn) as comonomers, respectively. Both polymers showed good solubility in

chloroform and chlorobenzene.

3.4 Characterization of TTOTF and TTOTCI

3.4.1 Thermal properties
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Figure 3-3. (a) TGA and (b) DSC curves of TTOTF and TTOTCI.

Thermal properties of TTOTF and TTOTCI were studied by TGA and DSC. As shown in Figure
3-3 (a), TTOTF polymer showed a 1% and 5% weight loss at temperature of 258°C and 292°C.
While TTOTCI showed a 1% and 5% weight loss at 269°C and 323°C, respectively, indicating a
lightly better thermal stability of TTOTCI. DSC results are shown in Figure 3-3(b), where no
obvious phase transition peaks were observed, which is indicative of poor crystallinity and
suggests that the melting points are higher than the decomposition temperatures for both

polymers.
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3.4.2 Optical and electrochemical properties
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Figure 3-4. Normalized UV-vis absorption spectra of (a) TTOTF and (b) TTOTCI in chloroform

solutions, in thin films at room temperature and annealing at 100°C.

The optical properties of TTOTF and TTOTCI were investigated by UV-Vis spectroscopy.
Figure 3-4 (a) shows the absorption spectrum of TTOTF in chloroform solution, in thin films
without annealing and annealing at 100°C. In chloroform solution, TTOTF has a /Amax located at
536 nm and a weak pre-aggregation behaviour was observed around 579 nm. The TTOTF thin
film has a red-shifted maximum absorption peak at 541 nm and a shoulder peak at 579 nm,
which is attributed to the n-n stacking of the polymer backbones. After annealing at 100°C, the
shoulder peak was intensified, indicating a more ordered molecular packing of TTOTF after
thermal annealing. As shown in Figure 3-4 (b), TTOTCI has a similar absorption profile in
comparison to TTOTF. It had a maximum absorption peak at 538 nm and the vibronic absorption
peak located at 568 nm was also intensified after thermal annealing. However, no pre-
aggregation feature was observed in chloroform solution. The optical bandgaps of TTOTF and

TTOTCI were calculated to be 1.98 eV and 1.97 eV, respectively. The wide bandgap and strong
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UV absorption range from 425 nm to 620 nm is optimal for pairing with most NFAs to form

complementary light absorption in OSCs.

Cyclic voltammetry was then employed to measure the HOMO and LUMO energy levels of
TTOTF and TTOTCI. As shown in Table 3-1, the Enomo of TTOTF is calculated to be -5.46 eV
and is 0.13 eV higher than that of TTOT (Enomo = -5.33 V). Whereas TTOTCI has slightly
deeper Enomo 0f -5.48 eV which is consistent with the DFT computed results. The introduction
of the fluorine and chlorine atoms effectively lower the HOMO energy level of TTOT. As a

result, lower energy loss and higher Voc are expected in OSC devices.

Table 3-1. Molecular weights, optical and electrochemical properties of TTOTF and TTOTCI.

Mn MW /lmax ionset EgOpt EHOMO ELUMO
Polymer — wpay «pa) P (my MMy @) (V)P (V)
TTOTF 208 562 271 541,579 627 198 -546  -3.48

TTOTCI 43.0 109.9 2.56 538,568 628 197 -548 -3.51

2 Obtained from thin film absorption spectra; ° obtained by Eromo = —(4.80 + Eonse:®®); ¢ obtained
by ELumo = Eromo + E¢°P.
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3.5 Organic photovoltaic performances
The OPV performance of TTOTF and TTOTCI were evaluated by matching with the non-
fullerene acceptor Y6. Their molecular structures, frontier energy levels and normalized

absorption spectra are shown in Figure 3-5 (a-c).
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Figure 3-5. (a) Chemical structures of TTOTF, TTOTCI and Y86, (b) frontier energy levels of
TTOTF, TTOTCI and Y6 thin films, (c) normalized UV-vis absorption spectra of TTOTF and
TTOTCI in thin films with Y6, (d) J-V curves of the OSC devices based on TTOTF:Y6 and

TTOTCI:Y6 blend films annealed at 150°C and 160°C for 20 min, respectively.
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Figure 3-6. PL spectra of (a) TTOTF neat and TTOTF:Y6 blend films excited at 570 nm. (b) Y6
neat and TTOTF:Y®6 blend films excited at 800 nm. (c) TTOTCI neat and TTOTCI:Y6 blend

films excited at 540 nm. (d) Y6 neat and TTOTCI:Y6 blend films excited at 800 nm.

Prior to device fabrication, the exciton diffusion and dissociation behaviour in the blend film
were investigated through PL quenching experiments. As shown in Figure 3-6, TTOTF:Y6 blend
film demonstrated good PL quenching efficiencies of 91.7% and 91.1% in the short and long
wavelength region, respectively. In comparison, the TTOTCI:Y6 blend film showed better
quenching efficiencies of 96.9% for the short wavelength region and 99.7% for the long

wavelength region, demonstrating a more effective exciton diffusion and dissociation.
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The OSC devices were constructed using an inverted structure of ITO/ZnO/Active

layer/MoO3/Ag, where the active layer consisted of TTOTF or TTOTCI as the polymer donor

and the Y6 as the acceptor. Several optimizing techniques were utilized, including the

adjustments of active layer thickness, annealing temperatures, different acceptors, solvent

additive, D/A ratios and MoOs thickness (Table 3-7 to 3-15). The J-V curves under 1.5G

illumination (100 mW/cm?) of the optimized devices are shown in Figure 3-5 (d), and the

optimized OSC performance results were summarized in Table 3-2.

Table 3-2. Photovoltaic results of optimized TTOTF and TTOTCI based OSCs.

Active layer Jsc (MA/cm?) @ Voc (V)2 FF @ PCE (%) ?
TTOTF:Y6 -RT 25.03 (25.01+0.34) 0.78 (0.77 £0.0027) 0.62 (0.61 +0.0075) 12.14 (11.91 + 0.29)
TTOTF:Y6 -150°C 27.61 (26.50 £ 0.62) 0.72 (0.71 +0.0060) 0.69 (0.68 £0.0093) 13.57 (12.68 + 0.46)
TTOTCLY6-RT  26.70 (26.45+0.73) 0.79 (0.79 £0.0017)  0.63 (0.63 +0.016)  13.30 (13.04 + 0.31)
TTOTCI:Y6-160°C  31.03 (29.65+1.60) 0.70 (0.70+0.0063)  0.68 (0.68 + 0.014)  14.91 (14.27 + 0.51)
TTOTCLY6-160°C®  31.18 (29.82 + 0.69) 0.72 (0.71 +0.0059)  0.71(0.70 +0.011)  15.96 (14.78 + 0.56)

&The values in parenthesis are average values and standard deviation obtained from at least four

devices.

b Spin coated 10M LiTFSI in ACN at 5000 rpm between the active layer and HTL.

The as-cast TTOTF-based device yielded a PCE of 12.14% with a Jsc of 25.03 mA/cm?, a Voc
of 0.78 V and an FF of 0.62. Comparing with the non-fluorinated polymer donor TTOT, the Voc
of TTOTF-based OSC improved by 0.16 eV. After annealing at 150°C, the PCE of TTOTF:Y6
based device reached 13.57%, with an increased FF of 0.69 and Jsc of 27.61 mA/cm?. On the

other hand, the as-cast TTOTCI:Y6 based device showed a high Jsc of 26.7 mA/cm?, a Voc of

0.79 V and an FF of 0.63, resulting in a high PCE of 13.3%. The 160°C annealed OSC achieved

an even higher Jsc of 31.03 mA/cm?, and the FF was also enhanced from 0.63 to 0.68, resulting

47



in an excellent PCE close to 15%. However, the Voc of the best TTOTCI-based device was still
quite low comparing to other high performance Y6-based OSCs.3%4%37 The energy 10ss (Eioss) Of
the device was calculated to be 0.63 eV by using the equation: Ejoss = Eq - €Voc,’® which falls in
the range of most OSCs (0.6 - 1.0 eV).*®"® Therefore, further Voc improvement in TTOTCI-

based devices may be achieved by pairing with a narrow bandgap acceptor with a higher Exomo

to lower the Exomo offset.

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is widely used as a dopant for the hole
transport layer in perovskite solar cells due to its ability to enhance the hole mobility and
conductivity of HTL.8%8% In very few cases, it was used as an additive in the active layer of BHJ
OSCs to improve charge carrier transport.8283 In this work, a thin layer of LiTFSI layer was spin
coated between the active layer and the HTL to enhance the OSC device performance. Several
parameters include LiTFSI concentration, processing solvent and thickness were optimized, and
results are summarized in Table 3-16 to 3-18. As shown in Table 3-2, the performance of the
best LiTFSI-based OSC achieved an excellent PCE of 15.96%, with an enhanced Voc and FF of
0.72 V and 0.71, respectively. However, due to the hygroscopic nature of LiTFSI, the active
layer surface of the OSC device was not smooth, which could result in moisture absorption and
accelerate device degradation.®* Additional optimizations and investigations are needed to

further improve the film quality and understand the effect of the LiTFSI layer.
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Figure 3-7. EQE spectrum of (a) TTOTF:Y6 based device annealing at 150°C for 20 min and (b)

TTOTCI:Y6 based device annealing at 160°C for 20 min.

As shown in Figure 3-7, both EQE spectra exhibited high quenching peak at round 510 nm and
820 nm, which are consistent with the sharp light absorption peaks measured through UV
spectra. TTOTF:Y6-based OSC showed the highest EQE of 84% at 820 nm and an integrated Jsc
of 24.7 mA/cm? (with a 10.5% deviation). Whereas TTOTCI:Y6-based OSC showed a
significantly enhanced EQE of over 85% in the 470 to 850 nm region, and reaching 97% at 510
nm. In addition, the integrated Jsc is 29.51 mA/cm?, which agrees well with the measured Jsc
with a 4.9% deviation. These results demonstrated that the active layer thickness of the
optimized device was enough to have sufficient light absorption and the generated charge

carriers in the device were efficiently transported and collected to produce photocurrents.®
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Figure 3-8. J¥2-V curves of hole-only and electron-only devices of (a) TTOTF:Y6 and (b)

TTOTCI:Y6 systems.

SCLC mobility measurements were carried out to study the charge carrier mobilities of TTOTF
and TTOTCI polymers. Hole-only and electron-only devices with configurations of
ITO/PEDOT:PSS (40nm)/Active layer/MoOz (10 nm)/Ag (100 nm) and ITO/ZnO (40

nm)/Active layer/LiF (1 nm)/Al (100 nm), respectively, were fabricated.

Table 3-3. SCLC mobilities of TTOTF and TTOTCI neat films and blend films annealed at

150 °C and 160 °C.

Neat film / Blend film  pnmax (Mhavg £ Std) (€m? V1 S1) 2 e max (Heavg £ Std) (cm? V1S iy / e

TTOTF - 150°C 6.26x10%4(5.17x10%+8.44x10%) - -
TTOTCI - 160°C 1.36x103(1.11x103+1.15x10%) - -
TTOTF:Y6-150°C  1.13x103%(8.73x10%+1.41x10%)  6.26x104(5.17x10*+8.44x10%)  1.81
TTOTCLY6-160°C  9.34x104(8.47x10%+7.44x10%)  6.12x104(4.40x10*+1.37x10%)  1.53

& Above values are obtained from at least four devices.
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As shown in Table 3-3, the hole mobilities (un’s) of the TTOTF and TTOTCI neat films under
the optimum conditions were measured to be 6.26 x 10* cm?V1s? and 1.36 x 10 cm?V-1s?,
respectively. For the TTOTF:Y6 blend films, the measured SCLC pnand pe are 1.13 x 1073 cm?V-
s and 6.26x10* cm?V-1s?, respectively, which are both one order of magnitude higher than pin
(2.84 x 10* cm?V-1s) and e (3.22 x 10°° cm?V-1s?) achieved in the TTOT:Y6 system. While
for the TTOTCI:Y6 blend, the best pnand pe were measured to be 9.34 x 10* cm?V-1s? and 1.36
x 10 cm?V-1s?, respectively. Although the pn of TTOTCI:Y6 system is slightly lower than that
of TTOTF:Y6-based OSC, the more balanced pn/pe (1.53 vs. 1.82) is beneficial for achieving

high Jsc and FF in the TTOTCI:Y6-based OSCs.
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Figure 3-9. Stability tests conducted on unencapsulated best performance device of (a)

TTOTF:Y6 and (b) TTOTCI:Y6 in ambient condition over a two-month period.

As the PCE of non-fullerene OSCs approaches commercial viability, achieving good long-term
stability in both materials and devices is critical. Thus, the stability of the best performing device
based on TTOTF:Y6 and TTOTCI:Y6 (without LiTFSI) systems were investigated by storing the

freshly made device in ambient conditions without encapsulation. As shown in Figure 3-9, the
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TTOTF:Y6-based device maintained 82.8% of the initial PCE over a 30-day duration. After a
64-day storage time, the device still maintained nearly 80% of the initial PCE. Furthermore, the
TTOTCI:Y6-based OSC showed an even better air stability by retaining 90.4% PCE after a 30-
day storage time. Similarly, it had an 80% PCE retention after a two-month period. It is worth
mentioning that this degradation rate is one of the slowest achieved in unencapsulated non-
fullerene and fullerene based OSCs.887:88 Degradation of OSCs could be caused by the physical
and chemical degradation in the active layer and carrier transport layers, or the defects formed at
the interface between the active layer, HTL or electrodes due to the moisture and oxygen in
ambient air.8” The Jsc of both TTOTF-based and TTOTCI-based devices remained almost the
same (31.0 to 30.9 mA/cm?; 27.61 to 27.32 mA/cm?) after 60 days (Table 3-4 and Table 3-5),
indicating that the active layer materials are highly stable. The drop in PCE of both devices is
mainly due to the decrease in the FF (from 0.69 to 0.60 for TTOTF and 0.68 to 0.57 for
TTOTCI). It was found that the series resistance (Rs) of both devices increased slowly over time
and the shunt resistance (Rsh) dropped dramatically, which is most likely caused by the
degradation of the top Ag electrode layer and the MoOs hole transporting layer due to oxygen

and moisture in the ambient air.

Table 3-4. Performances of the best TTOTF:Y6 based OSC device for over 2-month storage

time under ambient condition without encapsulation.

Time (d) Jsc (MA/cm?)  Voc (V) FF PCE (%) Rs (ohmcm?) Rsh (ohmcm?)
0 27.61 0.72 0.69 13.57 3.23 631.34
16 27.44 0.69 0.65 12.38 3.64 425.18
32 27.29 0.67 0.61 11.18 3.88 302.90
64 27.32 0.66 0.60 10.83 3.90 208.72
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Table 3-5. Performances of the best TTOTCI:Y6 based OSC device for a 2-month storage time

under ambient condition without encapsulation.

Time (d) Jsc (MA/cm?)  Voc (V) FF PCE (%) Rs (ohmcm?) Rsh (ohmecm?)
0 31.0 0.70 0.68 14.91 2.84 883.08
10 30.8 0.69 0.65 13.84 3.11 548.76
20 31.0 0.69 0.63 13.76 3.21 313.05
40 31.0 0.68 0.60 12.79 3.45 260.91
60 30.9 0.68 0.57 11.88 3.95 193.43

The surface morphology of the active layer was examined through AFM and the molecular

packing of polymer donors and blend film was studied by XRD measurements.

As shown in Figure 3-10, the root mean square (RMS) roughness was 1.03 nm for the as-cast
TTOTF-based device. After annealing at 150°C, the RMS value slightly increased to 1.08 nm
due to the annealing effect. While the TTOTCI:Y6 blend film at both room temperature and
160°C annealing temperature showed smaller RMS roughness values of 0.92 nm and 0.94 nm,
respectively. This result suggests a smoother surface morphology and favorable interaction
between TTOTCI and Y6, induced by the chlorine atom of the polymer donor TTOTCI. The
more uniform surface morphology of the TTOTCI: Y6 blend film formed a desirable nanoscale
phase separation and interpenetrating network in the active layer. This is beneficial for efficient
charge dissociation and transportation, as well as minimizing recombination loss in OSCs,
eventually resulting in higher Jsc and OSC performance.®>% In addition, the much smaller
surface roughness of TTOTCI.Y6 blend film is also favorable for obtaining close contact

between the active layer and HTL, which is favorable for obtaining higher FF.
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Figure 3-10. AFM height images of TTOTF:Y6 blend film at room temperature (a) and
annealing at 150°C (b), TTOTCI:Y6 blend film at room temperature (c) and annealing at 160°C

(d).

As shown in Figure 3-11 (a, b), neither lamellar nor n- = stacking peak was observed in room
temperature TTOTF neat film in both in-plane and out-of-plane directions. The broad peak at 26
=~21° of the TTOTF neat film in the in-plane direction slowly intensified with the increasing
temperatures. The - 7 stacking (010) peak (26 = ~21°) in the out-of-plane line cuts appeared at
annealing temperature of 150°C and 200°C, indicating a more crystalline and ordered molecular

packing of TTOTF when annealed above 150°C. Furthermore, a lamellar peak at 26 = 4.89° with
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a d-spacing of 0.90 nm appeared in the 50°C annealed TTOTF neat film. The (001) peak
intensified and decreasing d-spacings (0.9 nm for 100°C, 0.885 nm for 150°C and 0.866 nm for
200°C) were observed in TTOTF neat films with increased annealing temperatures. However, no
peaks were observed in the 150°C-annealed TTOTF:Y6 blend film in both directions, indicating
poor crystallinity and amorphous features in the active layer. On the other hand, a peak at 20 =
5.0° was observed for the as-spun TTOTCI neat film, which corresponds to the (001) planes of
the polymer main chain n-stacks with an interlamellar distance of 1.77 nm. As the annealing
temperature increased, this (001) peak intensified, indicating that the crystallinity of the polymer
film improved. The d-spacing decreased slightly to 1.73 nm for the 130°C-annealed TTOTCI
film (20 = ~5.1°) and to 1.70 nm for the 160°C- and 190°C-annealed TTOTCI films (26 = ~5.2°).
The peak at 26 = ~21° weakened with increasing annealing temperatures in the in-plane and out-
of-plane directions, but remained strong even at a high annealing temperature of 190 °C. The
broad peak centered at 20 = ~21° for the annealed TTOTCI films might be composed of the n- ©
stacking (010) peak with a n-rt distance of 0.42 nm. Comparing to the TTOT neat films, the
above XRD data clearly show that fluorination and chlorination of BDT significantly helped to
improve the polymer chain packing of TTOTF and TTOTCI. However, as show in Figure 3-12,
the optimized 160°C- annealed TTOTCI:Y6 blend film showed no (001) peak in the out-of-plane
direction, indicating that TTOTCI became more disordered in the blend film, which can account

for the lower SCLC hole mobility compared to the TTOTCI neat film.
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Figure 3-11. In-plane and out-of-plane line cuts of GIXD patterns of (a, b) TTOTF and (c, d)

TTOTCI neat films at different annealing temperatures.
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Figure 3-12. In-plane and out-of-plane line cuts of GIXD patterns of (a) TTOTF:Y6 blend film

annealed at 150°C and (b) TTOTCI:Y®6 blend film annealed at 160°C.

3.6 Conclusions and future directions

To summarize, two new wide bandgap polymer donors TTOTF and TTOTCI were designed and
synthesized by utilizing the halogenation strategy. Both polymers showed strong UV absorption
between 425 to 620 nm with wide optical bandgaps of over 1.97 eV. The incorporation of the
fluorine atom successfully brought down the Exomo of TTOT from -5.33 to -5.46 eV. The
optimized OSC device based on TTOTF:Y6 showed a significantly improved PCE of 13.57%,
with a Voc of 0.72 V, an increased FF of 0.69 and a Jsc of 27.61 mA/cm?. On the other hand, the
incorporation of the chlorine atom further downshifted the Enomo to -5.48 eV. The hole mobility
of the TTOTCI neat film still maintained at a magnitude of 103 cm?VS. As a result, the
optimized TTOTCI based OSC achieved a record-high Jsc of 31.03 mA/cm?, an FF of 0.68 and a
Voc of 0.70 V, resulting in a two-fold higher PCE of 14.91% comparing to TTOT-based OSC.
Furthermore, comparing with TTOTF-based OSCs, the TTOTCI-based devices showed a more
balanced pn/pe ratio (1.53 vs. 1.81), higher EQE quenching efficiency and more favorable film

57



morphology, resulting in a better Jsc and photovoltaic performance. In addition, with the
incorporation of the LiTFSI layer, the best TTOTCI-based OSC showed an improvement in both
Voc and FF, resulting in a 7% PCE enhancement (PCE=15.96%) comparing with the device
without LiTFSI. The stability studies conducted on unencapsulated TTOTF and TTOTCI-based
devices demonstrated the great potential of both materials to achieve long-term stability in
ambient conditions. This work demonstrated that the halogenation on the polymer donor is
highly effective for bringing down Enowmo, reducing energy loss and enhancing device
performance in OSCs. It also indicated that TTOTCI is a promising wide bandgap polymer donor

for the development of highly efficient and air stable non-fullerene OSCs.

Despite the high device performance, the Voc and FF still remained relatively low to the state-of-
art values (FF: up to 0.78,° Voc: up to 1.1 V®) in non-fullerene OSCs. The Voc improvement in
TTOTCI-based devices may be achieved by pairing with a narrow bandgap acceptor with a
higher EHomo to lower the EHomo offset and reduce the energy loss in OSCs. Further
investigations and optimizations also need to be carried out to understand the effect of LiTFSI

layer and improve the film quality.

3.7 Experimental section

Synthesis of TTOTCland TTOTF

To adried 25ml 2-necked round bottom flask, tris(o-tolyl)phosphine (P(o-tol)3) (0.08 equiv.),
compound 4 (1 equiv.) and BDTTDFSn (1 equiv.) or BDTTDCISn (1 equiv.) were added. This
was followed by adding 4ml anhydrous chlorobenzene and stirring the mixture until dissolved.
Then tris-(dibenzylideneacetone)dipalladium (Pd2(dba)sz) (0.02 equiv.) was injected through
septum in anhydrous chlorobenzene to the stirring mixture. After 24 h reaction at 90°C under

dark and argon atmosphere, 0.5 ml 2-bromobenzene was added. After cooling to room
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temperature, the mixture was poured into 150 ml methanol. The solid was collected by filtration,
purified through Soxhlet extraction using acetone, hexane, and chloroform. The target polymer
TTOTF and TTOTCI were obtained from chloroform fraction, the yield was 47.0mg (45%) and

148.5mg (99%) respectively.
OSC device fabrication

The OSC devices were fabricated using an inverted structure of ITO/ZnO (40 nm)/Active
layer/MoO3 (10 nm)/Ag (100 nm). The ITO glass substrate was emersed and ultrasonicated in
deionized water, HPLC acetone and HPLC iso-propanol for 20 minutes. The ZnO precursor
solution was prepared by mixing 197 mg zinc acetate, 54 ul ethanolamine and 2 ml 2-
methoxyethanol at room temperature overnight. Then the solution was filtered with 0.22 pm
PTFE filter before use. A 40-nm thick ZnO was spin coated onto 10 min O plasma cleaned ITO
glass substrate at a spin rate of 3500 rpm for 60 s, followed by annealing at 200°C for one hour
in the air. The active layer was prepared by stirring a mixture of donor and acceptor material
(D/A ratio=1:1) at a concentration of 20 mg/ml overnight in the glovebox. Then the solution was
filtered through a 0.22 um PTFE filter. TTOTF:Y6 (117 nm) and TTOTCI:Y6 (120 nm) was
coated onto the substrate at a spin rate of 2000 and 3000 rpm, respectively. The device was then
transferred to the thermal evaporator and vacuumed until the chamber pressure is below 1x10
torr. The MoOs layer (10 nm) was coated at a deposition rate of 0.5 A/s, and the Ag layer (100
nm) was coated at a deposition rate of 1 A/s. Each device has an area of 0.0574 cm?. An Agilent
B2912A Semiconductor Analyzer equipped with a Science Tech SLB300-A Solar Simulator was
used to measure the current density-voltage (J-V) curve, and the light source came from a 450 W

xenon lamp and an air mass (AM 1.5G) filter.
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Figure 3-13. Cyclic voltammograms of (a) TTOTF and (b) TTOTCI thin films.
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temperature.
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Figure 3-15. PL spectra and quenching efficiencies of (a) TTOTF neat and TTOTF:Y5 blend

films excited at 570 nm. (b) Y5 neat and TTOTF:Y5 blend films excited at 790 nm.

Table 3-7. Performance optimization of TTOTF:Y6 based devices with different active layer

film thickness.

Temperature Thickness Jsc (MA/cm?) 2 Voc (V)? FF@ PCE (%) @
RT 146 nm 2548 (24.92+1.16) 0.77 (0.77 £0.0021)  0.56 (0.50 +0.016)  10.17 (9.58 + 0.74)
RT 117 nm  25.03 (25.01 £ 0.34) 0.78 (0.77 £0.0027)  0.62 (0.61 +0.0075)  12.14 (11.91 + 0.29)
RT 108 nm  24.00 (23.61+0.31) 0.78 (0.78 £0.0001)  0.64 (0.63+0.0067)  11.89 (11.58 + 0.22)
RT 100 nm 2355 (22.62+0.98) 0.78 (0.78 £0.0032)  0.62 (0.63 +0.0054)  11.36 (10.99 + 0.45)

Processing solvent: chloroform, D/A ratio: 1:1.

&The values in parenthesis are average values and standard deviation obtained from at least four
devices.

61



Table 3-8. Performance optimization of TTOTF:Y6 based devices with different annealing

temperatu res.
Temperature Jsc (MA/cm?) 2 Voc (V)2 FF@ PCE (%) @
RT 25.03 (25.01+0.34) 0.78(0.77 +£0.0027) 0.62 (0.61+0.0075) 12.14(11.91+0.29)

100°C  26.20(25.68+0.89) 0.75(0.75+0.0051) 0.65 (0.64 £0.021)  12.77 (12.15 + 0.46)
150°C  27.61(26.50+0.62) 0.72(0.71+0.0060) 0.69 (0.68 +0.0093) 13.57 (12.68 + 0.46)
200°C  25.37(24.77+1.17) 0.68(0.68 £0.0041) 0.68 (0.66+0.012) 11.82 (11.11 + 0.60)

Processing solvent: chloroform, D/A ratio: 1:1, annealing time: 20min, active layer thickness:
117nm.

&The values in parenthesis are average values and standard deviation obtained from at least four
devices.

Table 3-9. Performance optimization of TTOTF:Y5 based devices with different active layer

film thickness.

Temperature  Spin speed (rpm) Jsc (MA/cm?) 2 Voc (V)2 FF 2 PCE (%) @
RT 3000 16.83 (15.87+ 0.44)  0.95 (0.95+0.0039)  0.55 (0.55 + 0.0066)  8.76 (8.24 + 0.24)
RT 2000 18.35(16.98 £ 0.70)  0.95(0.95+0.0029)  0.56 (0.55 £ 0.019) 9.64 (8.79 + 0.36)
RT 1000 18.29 (17.67 £ 0.45)  0.94 (0.94 +0.0023)  0.54 (0.54 + 0.013) 9.38(9.02 +0.31)
RT 800 16.43 (15.80 £ 0.48)  0.94 (0.94 £0.0022)  0.52 (0.52 + 0.0050) 8.00 (7.71 +£ 0.28)

Processing solvent: chloroform, D/A ratio: 1:1.

@The values in parenthesis are average values and standard deviation obtained from at least four
devices.
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Table 3-10. Performance optimization of TTOTF:Y5 based devices with different annealing

temperatures.
Temperature Jsc (MA/cm?) 2 Voc (V)2 FF@ PCE (%) @
RT 18.35(16.98 £ 0.70)  0.95 (0.95+0.0029)  0.56 (0.55 + 0.019) 9.64 (8.79 + 0.36)
100 °C 17.86 (17.81 £ 0.25) 0.94 (0.94 +0.0033)  0.58 (0.57 + 0.0064)  9.80 (9.56 + 0.18)
150 °C 17.37 (16,51 £0.62) 0.92 (0.92+0.0019) 0.61(0.61 £0.0034)  9.79 (9.21 + 0.38)
200 °C 7.26(5.34+1.37)  0.88(0.86+0.013)  0.50 (0.45+0.034)  3.18 (2.11 +0.75)

Processing solvent: chloroform, D/A ratio: 1:1, annealing time: 20min, active layer thickness:

119nm.

&The values in parenthesis are average values and standard deviation obtained from at least four

devices.

Table 3-11. Performance optimization of TTOTCI:Y6 based devices with different active layer

film thickness and solvent additive.

Temperature/SA  Thickness  Jsc (MA/cm?)?2 Voc (V)2 FF@ PCE (%) @
RT 170 nm 25.76 (25.18 £0.51) 0.77 (0.77 £ 0.0018) 0.52 (0.52 + 0.011) 10.36 (10.04 + 0.24)
RT 130nm  27.78(26.94+057) 0.79(0.79 +0.0031)  0.59 (0.59 + 0.0073)  13.05 (12.58 + 0.36)
RT 120 nm  26.70 (26.45+0.73) 0.79 (0.79 £ 0.0017) 0.63 (0.63 + 0.016) 13.30 (13.04 + 0.31)
RT 105nm 25.03(24.00+0.81) 0.78(0.77 £ 0.0057) 0.65 (0.63 + 0.037) 12.72 (11.66 + 0.88)
RT with 0.5% CN  105nm 22.69 (22.18 +0.29) 0.78 (0.77 £0.0017)  0.70 (0.69 + 0.0041) 12.28 (11.93 £ 0.19)

Processing solvent: chloroform, D/A ratio: 1:1.

&The values in parenthesis are average values and standard deviation obtained from at least four

devices.
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Table 3-12. Performance optimization of TTOTCI:Y6 based devices with different annealing

temperatures.
Temperature Jsc (MA/cm?) 2 Voc (V)2 FF@ PCE (%) @
RT 26.70 (26.45+0.73) 0.79(0.79 £0.0017) 0.63(0.63+£0.016) 13.30(13.04 £ 0.31)
100 °C 27.26 (26.69 £ 0.64) 0.76 (0.75+0.0059) 0.67 (0.67 £0.0045) 14.00 (13.44 + 0.36)
130°C 28.77(27.98 £0.79) 0.73(0.73£0.0028) 0.69 (0.69 + 0.0085) 14.43 (13.92 £ 0.31)
160 °C 31.03(29.65+ 1.60) 0.70 (0.70+0.0063)  0.68 (0.68 £ 0.014)  14.91 (14.27 + 0.51)
190 °C 27.14 (27.07 £ 0.45) 0.68(0.68 £0.0039) 0.70 (0.69 £0.014) 13.04 (12.62 +0.47)

Processing solvent: chloroform, D/A ratio: 1:1, annealing time: 20min, active layer thickness:
120nm.

4The values in parenthesis are average values and standard deviation obtained from at least four
devices.

Table 3-13. Performance optimization of TTOTCI:Y6 based devices with different D/A ratio.

D/A ratio Jsc (MA/cm?) 2 Voc (V)? FF@ PCE (%) @

1:1 31.03(29.65+1.60) 0.70 (0.70 = 0.0063) 0.68 (0.68 + 0.014) 14.91 (14.27 £ 0.51)

1:1.2 29.15(28.40+£0.44) 0.72(0.71£0.0035) 0.67 (0.65+0.0015)  13.97 (13.05 + 0.60)

121 27.73(27.17+041) 0.71(0.71+£0.0055)  0.68 (0.67 +0.0096)  13.39 (12.81 + 0.47)

Processing solvent: chloroform, annealing condition: 160 °C for 20min, active layer thickness:
120nm.

&The values in parenthesis are average values and standard deviation obtained from at least four
devices.
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Table 3-14. Performance optimization of TTOTCI:Y6 based devices with different acceptors.

Acceptor Thickness  Jsc (MA/cm?)? Voc (V)2 FF@ PCE (%) @

Y6 120nm  26.70(26.45+0.73) 0.79(0.79 £0.0017)  0.63 (0.63 £+ 0.016) 13.30 (13.04 £ 0.31)
ITIC 144 nm 16.96 (16.51+0.27) 0.97 (0.71 £0.0047) 0.62 (0.62 = 0.0037) 10.29 (9.98 £0.22)
ITIC 132nm 16.84 (16.59+0.24) 0.97 (0.97 £0.0039) 0.63 (0.62 £ 0.0042)  10.31 (10.06 + 0.20)
ITIC 114 nm 15.19(15.21+0.67) 0.98 (0.97 £0.0038)  0.64 (0.63 £ 0.013) 9.55(9.38 £0.29)
ITIC 104 nm 14.59(13.90+0.69) 0.97 (0.71£0.0047) 0.63 (0.63 =0.0010) 9.04 (8.56 = 0.48)

Processing solvent: chloroform, D/A ratio: 1:1.

&The values in parenthesis are average values and standard deviation obtained from at least four
devices.

Table 3-15. Performance optimization of TTOTCI:Y6 based devices with different MoO3

thickness.
MoO; Thickness Jsc (MA/cm?) 2 Voc (V)? FF2 PCE (%) @
10 31.03 (29.65+ 1.60) 0.70 (0.70 + 0.0063)  0.68 (0.68 +0.014)  14.91 (14.27 + 0.51)
8 29.52 (27.02+1.26) 0.71(0.70 £ 0.0054)  0.69 (0.65+0.011)  14.42 (13.15 + 0.69)
12 28.76 (28.24 +0.47)  0.71(0.71+0.0030)  0.68 (0.68 +0.0025)  13.86 (13.64 + 0.24)

Processing solvent: chloroform, D/A ratio: 1:1, annealing condition: 160 °C for 20min, active
layer thickness: 120nm.

@The values in parenthesis are average values and standard deviation obtained from at least four
devices.
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Table 3-16. Performance optimization of TTOTCI:Y6 based devices with LiTFSI layer in ACN.

LiTFSI Spin na a . o Rs Rsh
Speed (rpm) Jsc (MAJem?) Voc (V) FF PCE (%) (ohmem?) (ohmem?)
4000 20.98 (29.38+0.75) 072 (0.70+0.0079) 071 (0.70+0.0083) 15.31 (1455+052) 292 599
5000 31,18 (29.82+0.69) 072 (0.70£0.0059) 071 (0.70£0.011) 1596 (14.78+056) 247 364

Active layer: TTOTCI:Y6-160°C, LiTFSI processing solvent: ACN, LiTFSI concentration: 10M.

8The values in parenthesis are average values and standard deviation obtained from at least four
devices.

Table 3-17. Performance optimization of TTOTCI:Y6 based devices with LiTFSI layer in DMF

and NMP.

LiTFSI LiTFSI

2 0, 2 2
Solvent  Thickness (nm) Jsc (MA/cm?)  Voc (V) FF PCE (%) Rs (ohmcm?) Rsh (ohmcm?)

DMF 40 28.59 0.68 0.66 12.85 3.24 697
DMF 30 28.38 0.70 0.68 13.46 3.33 349
DMF 10 29.88 0.70 0.66 13.74 3.29 483
NMP 40 27.44 0.68 0.66 12.49 3.21 663
NMP 30 28.13 0.69 0.65 12.72 3.42 581
NMP 10 27.84 0.70 0.67 13.09 3.35 646

Without LiTFSI 31.03 0.70 0.68 14.91 2.84 883

Active layer: TTOTCI:Y6-160°C, LiTFSI concentration: 10M.
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Table 3-18. Performance optimization of TTOTCI:Y6 based devices with LiTFSI layer in ACN.

Solvent Is‘igjl(ri%‘g Jsc (mA/em?)  Voc(V)  FF PCE (%)  Rs(ohmem?) Rsh (ohmem?)
ACN 3000 28.90 0.72 0.69 14.28 3.57 550
ACN 4000 27.80 0.73 0.72 1451 273 590
ACN 5000 28.70 0.72 0.71 14.74 2.67 577
ACN 6000 29.83 0.73 0.71 1536 2.62 912

Active layer: TTOTCI:Y6-160°C, LiTFSI processing solvent: ACN, LiTFSI concentration: 6M.

—— TTOTCI:Y6 -no LiTFSI

—— TTOTCL:Y6 -LiTFSI in ACN
—— TTOTCI:Y6 -LiTFSI in DMF
-10 4 —— TTOTCL.Y6 -LiTFSI in NMP

Current Density (mA/cm?)

. . — .
01 00 01 02 03 04 05 06 07 08
Voltage (V)

Figure 3-16. J-V curves of the OSC devices based on the optimized TTOTCI:Y6 blend films

annealed at 160°C without LiTFSI layer and with LiTFSI in ACN, DMF and NMP.
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Table 3-19. Dielectric constant and hole mobility of TTOTF and TTOTCI blend films.

Temp |Cq(F)® f(Hz) &*  Hnmax (Uhavg 2 std) (cm? ViST)e

RT 1406 5x10° 4.04 2.71x10%(2.28x10™*+ 3.15x10%)
TTOTF:Y6

150°C | 1495 5x10° 4.30 1.13x107°(8.73x10*+ 1.41x10™%)

RT 1864 5x10° 6.24 4.85x107*(4.40x10™+ 3.87x10®)
TTOTCIY6

160°C | 1909 5x10° 6.39 9.34x107*(8.47x10™+ 7.44x10°®)

aAbove values are obtained from at least five devices.

Table 3-20. Dielectric constant and hole mobility of TTOTF and TTOTCI neat films.

Neat Film Temp |[Cq(pF)® f(Hz) &° Hhmax (Hnavg * std) (cm? V1 S1)2
RT 758 5x10° 2.54 9.09x10%(8.47x10*+ 5.03*107)
TTOTF
150°C | 690 5x10° 2.31 1.99x107%(1.65x10°+ 2.18*10%)
RT 1288 5x10° 3.30 1.01x107%(8.23x10*+ 1.84*10%)
TTOTCI
160°C | 1192 5x10° 3.05 1.36x107(1.11x107 + 1.15%107)

aAbove values are obtained from at least four devices.

Table 3-21. Dielectric constant and electron mobility of TTOTF and TTOTCI blend films.

Blend Film Temp |Cq(pF)® f(Hz) &*  Memax (Heavg % Std) (cm? V1 S1)2
TTOTF:Y6 150°C | 1449 5x10° 4.16 6.26x10™ (5.17><1O'4 + 8.44X10'5)
TTOTCIY6 160°C | 1871 5x10° 4.42 6.12x10* (4.40x% 104+ 1.37X10'4)

4Above values are obtained from eight devices.
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Figure 3-17. 2D-GIXD patterns of the TTOTF neat and blend films at different annealing

temperatures.

190°C Annealed Blend Film
160°C Annealed

50°C Annealed 100°C Annealed 130°C Annealed 160°C Annealed

Figure 3-18. 2D-GIXD patterns of the TTOTCI neat and blend films at different annealing

temperatures.
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Chapter 4 Summary and future directions

This thesis presents the successful design, synthesis and characterization of a series of TO based
conjugated polymers donors for non-fullerene OSCs. Previously, our group reported two TO
based polymer donors PTOBT and PBDTTO, which are copolymers of TO with common D
building blocks BT and BDT, respectively, have shown good device performances of 9.04% and
13.29% when matching with the non-fullerene acceptor ITIC and Y6. However, the SCLC hole
mobility of PTOBT and PBDTTO remained relatively low (< 3 x 10* cm?V-1s1) due to the

unfavourable edge-on orientation or disordered molecular packing of the polymer films.

In Chapter 2, to improve the steric repulsion caused by alkyloxime side chains and the adjacent
BDT unit, a thiophene unit was incorporated to act as a = bridge between the BDT and TO unit.
A new wide bandgap polymer donor TTOT was designed and synthesized. It exhibited a wide
optical bandgap of 1.98 eV and was able to form complementary light absorption with most of
NFAs. In addition, TTOT polymer neat film showed a high hole mobility of up to 3.36 x 10
cm?V-1s, By matching with the non-fullerene acceptor Y6, the as-cast TTOT-based OSC
achieved a PCE of 7.65% with a Jsc of 23.58 mA/cm?, Voc of 0.62 V, and FF of 0.52. However,
the incorporation of electron-donating thiophene spacer led to a rise in Enomo t0 -5.33 eV, which

resulted in the relatively low Voc of the OSCs.

In Chapter 3, to improve the Voc of TTOT-based OSC, halogenation strategies were utilized to
downshift the Enomo of TTOT. Two new wide bandgap polymer donors TTOTF and TTOTCI
were designed and synthesized. Both polymers have wide optical bandgaps of over 1.97 eV and
similar light absorption profile from 425 to 620 nm. Comparing to TTOT, TTOTF has a lower-
lying EHomo 0f -5.46 eV and TTOTCI further downshifted the EHomo to -5.48 eV. The

photovoltaic performance of these two polymers were investigated by matching with NFA Y®6.
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The best TTOTF-based OSC device exhibited a high PCE of 13.57%, with a Jsc of 27.61
mA/cm?, improved Voc of 0.72 V and FF of 0.69. While the optimized TTOTCl-based OSC
device showed an even higher PCE of 14.91%, with a record-high Jsc of 31.03 mA/cm?, a Voc of
0.70 V and an FF of 0.68. The largely improved SCLC hole mobility and more balanced pin/pe
ratio in TTOTF and TTOTCI blend films led to a rise in FF and Jsc in OSCs. The unencapsulated
OSCs based on these two polymers demonstrated excellent long-term air stability, retaining
nearly 80% PCE after two months of storage time. Furthermore, by incorporating a hole
transport enhancement layer, the PCE of TTOTCI-based OSC was enhanced to 15.96% with an
improved Voc of 0.72 V and FF of 0.71. Further investigations and optimizations are needed to
fully understand the effect and improve the film quality of the LiTFSI layer. In addition, another
approach to further enhance the photovoltaic performance of the TTOTCI-based OSC is to match
TTOTCI with non-fullerene acceptors that have higher EHomo’s than Y6. As a result, a lower
energy loss will be obtained in the device through reducing HOMO offset between donor and

acceptor materials.

This thesis demonstrated the use of thiophene 7 spacers in combination with fluorine or chlorine
substitutions is highly effective for reducing energy loss, enhancing charge carrier mobility, and
improving film morphology in OSCs. Overall, the TO-based polymer TTOTCI was shown to be

a promising donor material for fabricating highly efficient and air stable OSCs.
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