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ABSTRACT

Bulk heterojunction (BHJ) organic photovoltaic (OPV) is one of the most promising
techniques to generate electricity with advantages of flexibility, solution processing and
capability for large area device fabrication. Although the power conversion efficiency (PCE)
of BHJ solar cells has already achieved over 13%, there are still problems remain to be
solved. This thesis presents the binary and ternary organic BHJ devices with alternative
donor:acceptor (D:A) ratios, and the charge transport properties and electronic interactions in
their BHJ films.
In a high performance BHJ solar cell, the commonly optimized D:A weight ratio is
about 1:x, where x is commonly in excess of 1.5, when PC71BM is used as the acceptor. We
demonstrated how to achieve high PCEs of BHJ solar cells by enriching the D:A weight
ratios. The PCEs of the re-optimized cells were improved for the PTB7:PC71BM,
PCDTBT:PC71BM, PDTSTPD:PC71BM devices. Current-voltage (JV) and admittance
spectroscopy (AS) measurements indicate enhanced hole mobilities for the polymer-rich
BHJs based on PTB7, PCDTBT, and PDTSTPD. At the same time, although the relative
weight ratio of PC71BM is reduced, the electron mobilities are maintained due to the
dispersion of fullerene domains by increased DIO concentrations.
The active layer thickness of most optimized BHJ solar cells is about 100nm. The thin
active layer is unfavorable for optical absorption and film coating. We employed a ternary
strategy to address this problem, and the thick-film BHJ devices can retain 90% PCEs of their
optimized thin-film devices. Three model systems were studied, involving PTB7:PC71BM,
iii

PTB7-Th:PC71BM and P3HT:PCBM BHJs. Into these BHJs, a ternary component,
p-DTS(fbtth2)2 (DTS) is introduced. With DTS, the corresponding thick film devices have
significantly improved PCEs. The ternary component DTS improves hole mobility and
reduces sub-bandgap trap states. Both observations are well correlated with improved FFs of
the ternary BHJ cells. Photothermal deflection spectroscopy (PDS) and 1H nuclear magnetic
resonance (1H NMR) results indicate that DTS behaves as conducting bridges in between
two neighboring polymer segments.
Most lab-based BHJ solar cells are optimized by their power conversion efficiencies
(PCEs). We challenge this conventional view by showing that BHJ cells using fullerene
acceptors should be optimized by their fill-factors (FFs). With the optimized-FF approach,
BHJ cells tend to have higher fullerene content when compared to the BHJ cells that are
optimized by PCEs. The FF-optimized BHJ cells have slightly reduced PCEs (due to smaller
Jscs) compared to the PCE-optimized cells. Yet, FF-optimized cells enjoy a much better
thermal stability. We demonstrate that these FF-optimized BHJs possess better-balanced
electron-to-hole mobility ratios due to weakly field-dependent electron mobilities. The
improved mobility ratio suppresses carrier recombination. Our results suggest that BHJ cells
optimized by their PCEs should be meta-stable, and other D:A ratios should be considered for
practical BHJ cell development.
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Chapter 1
Introduction

The expected global energy consumption expands from 3.80× 1029 Joule (J)
in 1990 to 8.59× 1029 J in 2040 – a 126% increase within half a century.[1.1] The
gigantic growth in the energy demands worldwide causes serious problems of the
environmental pollution and global energy shortage. The sharp contradiction
between the decreasing fossil energy sources and sustainable developments
restricts the progress of technology and development of the human society. As
potential alternatives, the renewable energies such as solar energy, wind energy,
hydro power, and bio-energy can solve the energy crisis to a large extent. Figure
1.1 shows the distributions of energy consumption worldwide in 2005, 2010 and
2015 from the statistical data by World Energy Council. The renewable energy
consumption increases gradually, and the proportion had been already close to 15%
in 2015.
The solar energy is meeting unprecedented opportunities. The installed gross
capacity of photovoltaic (PV) panels reached 227 Gigawatts (GW), which supplies
about 1% of all electricity used worldwide in 2015. Figure 1.2 summarizes the
lab-based certified PV power conversion efficiencies (PCEs) by National
Renewable Energy Laboratory (NREL). The traditional silicon-based inorganic
solar cells, involving monocrystalline and polycrystalline solar panels, are the
mainspring of the PV area.[1.2] However, some obvious drawbacks restrict the
1

inorganic PV technologies taking on greater importance in the PV area.[1.3] The
first issue is the initial cost. The unit area of Si-based PV devices usually costs
more than other PV cells because of the expensive Si feedstock, time-consuming
device fabrication, and complex techniques.[1.4] Meanwhile, enough cautions
should be taken in the environmental pollution caused by the PV device
fabrication. Hydrofluoric acid and sodium hydroxide are widely used in the
preparation process of the inorganic PV panels, with large amount of electricity
consumption and wastewater discharges.[1.5]
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Figure 1.1

The distributions of primary energy consumption after the 21st

century. Source: World Energy Council (WEC) – 2016 WEC Survey.
3

Figure 1.2

Best lab-based solar cell efficiencies from NREL.

4

The technology of organic photovoltaic (OPV) solar cells steadily emerges in
the past decade and shows its huge potentials in the solar industry owing to the
unique advantages, such as low cost, flexibility, processability, and availability for
the large-area roll-to-roll (R2R) device fabrication.[1.6] Figure 1.3 shows the
photographs of traditional inorganic PV panels and OPV devices. The first
single-layer 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙- 𝛼 OPV device with the PCE of ~0.01% was reported
by C. W. Tang in 1975.[1.7] After lingering on a low efficiency level more than
two decades, the certified PCEs of the donor:acceptor (D:A) bulk-heterojunction
(BHJ) solar cells have already reached more than 10%,[1.8,1.9] from the
milestone PCE of 2.5% of the MDMO-PPV OPV device reported by Shaheen et
al. in 2001.[1.10]
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Figure 1.3

The photographs of (a), (b) traditional inorganic PV panels and (c),

(d) OPV devices. Sources: website of Pinterest.
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Bulk-heterojunction (BHJ) solar cells stand out from various types of
junction-based OPV devices owing to their ease of fabrication. In a BHJ cell, a
light absorbing semiconducting polymer is mixed with an electron acceptor. [1.11]
After optical absorption, the polymer donates electrons to the acceptor. Holes
migrate to the anode via the polymer phase whereas electrons migrate to the
cathode via the acceptor phase. In the past few years, BHJ cells based on novel
OPV material synthesis and device engineering have rapidly blossomed. He et al.
fabricated single-junction PTB7-Th:PC71BM BHJ devices and achieved the best
PCE of 10.61%.[1.12] Liu et al. synthesized a large planar polymer PffBT4T-2OD
with the core structure of teracyclic fused rings, and the PCE of the
PffBT4T-2OD:PC71BM device reached 10.8%, with an impressive FF of
75%.[1.13] Zhao et al. achieved the highest recorded PCE of 13.1% by using the
donor polymer of PBDB-T-SF and non-fullerene acceptor IT-4F.[1.14] Based on
single junction structures, tandem and triple junction OPV devices have also
gained rapid developments. You et al. designed tandem OPV devices with a
structure of P3HT:ICBA/PDTP-DFBT:PCBM, and obtained a PCE of
10.6%.[1.15] After this, Zhou et al. further improved the PCE of tandem devices
to 11.3% by doubling the PTB7-Th:PC71BM BHJ films.[1.16] So far, organic
triple junction solar cells win the PCE championship of the OPV devices. Yusoff
et al. fabricated the triple junction OPV device with the core structure of
PSEHTT:IC60BA/PTB7:PC71BM/PMDPP3T:PC71BM, and achieved the highest
PCE of 11.83%.[1.17] In a different direction, encouraging progress has also been
7

obtained on the non-fullerene OPV devices, which have good thermal stability
and lifetime, comparing with the fullerene-based OPV devices. Hwang et al.
synthesized a highly twisted acceptor dimer DBFI-EDOT, and obtained the PCE
of 8.5%, with the donor materials of PSEHTT and PBDTT-FTTE.[1.18]
Although the research on OPV devices has achieved a great progress, there
are still problems remain to be solved. To have practical applications, OPV
devices still need to be further improved in three main important areas: efficiency,
process, and stability.[1.19] Compared to inorganic solar cells, OPV cells are still
far from efficient. For example, the GalnP/GaAs solar cell with the PCE of 46%
was reported.[1.20] The OPV field is still way behind the conventional inorganic
technologies although relatively high PCEs (>10%) have been obtained in various
systems. Besides device efficiency, the fabrication process of OPV cells is another
main technical problem. At present, spin coating and slot die coating are two
popular methods for the fabrication of lab-based small-area organic films, whereas
the blading coating and inkjet technologies are widely used in the large-area OPV
device fabrication.[1.21] Other alternatives, such as spray coating, screen printing,
flexographic printing and gravure printing are also show their potentials for
different conditions and requirements.[1.22] However, all technologies are still
stuck with the most fundamental need: how to fabricate smooth, thick uniform
and large-area organic films, to achieve the real applied levels. Although the
difficulties have been solved partially, the process of the OPV device fabrication
still needs further improvements. In addition, the lifetime and stability of OPV
8

devices must be further improved. The chemical degradation by water or oxygen
is more likely to happen in organic materials because of the instability of their
chemical structures and the weak molecular interactions by the Van der Waals
force.[1.23,1.24] Meanwhile, photochemical reactions occur in organic materials
when the active material is working under illumination. The photo-reaction
products are no longer functional and generally degrades significantly the
performance of the devices.[1.25] Therefore, organic solar cells with long lifetime
and high stability are essential in practical applications. Figure 1.4 shows the
basic requirements for an OPV device in the practical application.

Figure 1.4

Issues to be improved by current and future for OPV technology.
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In this thesis, we investigate the performance optimization of organic solar
cells, and their potential into the real application in three aspects: efficiency,
fabrication process and device stability. Several model polymer:fullerene BHJ
solar

cells

are

explored,

involving

PTB7:PC71BM,

P3HT:PCBM,

PTB7-Th:PC71BM, PTB7-Th:ITIC, PBDB-T:ITIC, PCDTBT:PC71BM, and
PDTSTPD:PC71BM BHJs. We also study the fundamental mechanisms of the
improvements in OPV performances. The fundamental concepts and theories of
organic materials, carrier transports, devices and their characterization methods
are first introduced in Chapter 2. The corresponding experimental details are
given in Chapter 3. Results and discussions are reported in Chapter 4-6. Chapter 7
is a summary of the major achievements in this thesis.
In Chapter 4, we discuss how to make BHJ devices with higher polymer
contents (polymer-rich devices). The resulting devices have higher PCEs than
devices with normal donor:acceptor (D:A) ratios. The optical and carrier transport
study indicate that the polymer-rich devices have enhanced UV-visible optical
absorption spectra, and rebalanced hole and electron mobilities in higher levels.
In Chapter 5, we fabricate thick-film (200-400 nm) OPV solar cells by a hole
conducting

ternary

additive,

p-(DTSfbtth2)2.

With

p-DTS(fbtth2)2,

the

corresponding ternary OPV devices have markedly improved PCEs in thick-film
regions. The resulting PCEs of thick-film ternary devices are more than 90% the
PCEs of the optimized binary BHJs. The optical and transport measurements
reveal the origins of the improvement. The p-DTS(fbtth2)2 behaves as conducting
10

bridges in between two neighboring polymer segments, and therefore, the hole
mobilities are enhanced in the ternary BHJ films.
In Chapter 6, we study the dependence of fill-factors on donor:acceptor ratios
in polymer:fullerene OPV solar cells. We fabricate OPV devices with various D:A
ratios and the additive 1,8-diiodooctane (DIO) concentrations, and measure the
field-dependent charge carrier mobilities. The results show the necessity of
balancing field-dependent carrier mobilities for high FFs of OPV devices. The
OPV devices with higher fullerene contents tend to obtain higher FFs, and have
better thermal stabilities and longer device lifetimes.
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Chapter 2
Basic Concepts and Theories for Organic Semiconductors and Devices

2.1. Introduction for Organic Semiconductors
Organic materials are based on carbon and hydrogen molecules. They can be
materials from nature or artificial products. In general, organic materials can be
classified as small molecules, polymers and biological molecules according to the
relative molecular mass. The hybridization of the 2𝑠 and 2𝑝 orbitals of carbon
atoms strongly affects the bondings and the electronic states of organic
materials.[2.1] Generally, there are energy bands associated with (ⅰ) σ-bonds
with relatively higher binding energies, and (ⅱ) π-bonds with weaker binding
energies. The electrons in π-bonds are delocalized within an organic molecule,
and mainly contribute to electrical conduction in organic solids. Figure 2.1 shows
the typical σ-bonds and π-bonds in an organic molecule. The energy difference
between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is the energy gap. The schematic diagram
of the LUMO, the HOMO and the energy gap in an organic material is shown in
Figure 2.2. Generally, the energy gaps of organic materials are about 1.5-3.5 eV.
The HOMO and the LUMO in an organic material can be viewed informally as
the valance band maximum (VBM) and conduction band minimum (CBM) in
inorganic materials.
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Figure 2.1

σ-bonds and π-bonds in an ethane (C2H4) molecule. σ-bonds are

formed between C and H atoms. The two carbon atoms are held together by σ
and π-bonds.

Figure 2.2

S0, S1 and T1 represent the singlet ground state, first excited singlet

state, and first excited triplet state, respectively.
Sources: http://www.chem.ucla.edu/ ~harding/IGOC/H/homo_lumo_gap.html
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Atoms within a molecule are bound together tightly by σ and π-bonds.
Molecules, however, are weakly bound together. The intermolecular interactions
are from the van der Waals forces and hydrogen bonding, which are relatively
weaker than the strong covalent bonds.[2.2] Because interactions are weak,
molecules in an organic solid are generally not well-ordered in space. As a result,
the HOMO and the LUMO of molecules in an organic solid are not identical
because each molecule experiences a slight different environment.
Electrons from the HOMO can be excited to the LUMO when they obtain
enough energy. The energy can be thermal energies, or energies arising from
external electric field and illumination.[2.3] The excited electron in the LUMO
and the remaining positively charged hole in the HOMO are attracted to each
other by the Coulomb’s force
𝐹=

1
4𝜋𝜀0 𝜀𝑟

∙

𝑞𝑒 𝑞ℎ
𝑑2

(2.1)

where 𝐹 is the electrostatic force, 𝜀0 is the permittivity in vacuum, 𝜀𝑟 is the
relative dielectric constant, 𝑞𝑒 and 𝑞ℎ are the effective charges of the electron
and the hole, and 𝑑 is the spatial distance between 𝑞𝑒 and 𝑞ℎ . As shown in
Equation 2.1, the hole-electron pair binding energy is usual larger than 0.5eV, and
highly depends on 𝜀𝑟 .
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2.2. Charge Carrier Transports in Organic Semiconductors
2.2.1. Hopping Transport in Organic Semiconductors
In crystalline inorganic solids, electronic states are highly delocalized
because of the long range order and the coupling forces among neighbor atoms.
Charge carriers can migrate over long distances (compared to lattice spacings) in
the conduction and valence bands. However, the properties of the carrier transport
in organic solids are generally more complex due to the lack of long range lattice
order. Because of the weak Van der Waals boundary force, the separations
between organic molecules are relatively large, resulting in the sparse overlapping
of molecular orbitals, and separated energy levels. So far, charge carrier transport
in organic semiconductors can be described by the hopping transport.[2.4] Charge
carriers may hop between adjacent molecules by acquiring thermal energies from
the adjacent lattice vibration.[2.5] Figure 2.3 shows the mechanism of the carrier
hopping transport in organic semiconductors. The role of charge hopping rate, 𝑘,
can be described by the well-known Marcus theory
𝑘=

4𝜋 2
ℎ

∙

2
𝑉𝑎𝑏

∙

𝑒𝑥𝑝(−𝜆⁄4𝑘 𝑇 )
𝐵
√4𝜋𝜆𝑘𝐵 𝑇

(2.2)

where 𝑉𝑎𝑏 is the charge-transfer integral, 𝑘𝐵 is the Boltzmann constant, 𝑇 is
the absolute temperature, and λ is the reorganization energy.[2.6]
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Figure 2.3

The mechanism of the carrier hopping transport in an organic

semiconductor.
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2.2.2. Carrier Mobility and Conductivity
Carrier mobility 𝜇 is a parameter to quantify the capability of charge
carriers to move in the HOMO or LUMO orbitals. The free carriers undergo
random collisions with molecules (or atoms) in the absence of electric fields. An
average net motion appears when an external electric voltage is applied on the
medium material although random motion still exhibits for a single free carrier.
The carrier mobility 𝜇 can be defined by the equation
〈𝑣〉 = 𝜇𝐸
𝜇=

𝑞𝜏𝑐
𝑚

(2.3)
(2.4)

where 〈𝑣〉 is the average drift mobility of charge carriers, 𝐸 is the applied
electric field, 𝜏𝑐 is the average time between collisions, 𝑚 is the effective mass
of the free charge carrier, and 𝑞 is the elementary charge. The unit of mobility is
cm2 /(Vs). In organic semiconducting materials, the carrier mobility is in the
range of ~ 10-10 to 10-2 cm2V-1s-1, which is much lower than ~ 10-1 to 103
cm2V-1s-1 in metals or metallic compounds.
The electrical conductivity 𝜎 is a 𝜇-related parameter to describe the ability
of a material to conduct an electric current. The relationship between 𝜎 and 𝜇
can be expressed as
𝜎 = 𝑞(𝑛𝜇𝑒 + 𝑝𝜇ℎ )

(2.5)

where 𝜇𝑒 and 𝜇ℎ are the electron and hole mobilities, 𝑛 and 𝑝 are the free
electron and hole concentrations in the organic semiconductor, and 𝑞 is the
elementary charge.
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2.2.3. Factors Influencing Carrier Mobility
The charge carrier transport of an organic semiconductor is affected by
multiple factors. Examples are crystallinity, impurity, energetic disorder, ambient
temperature, and applied electric voltage.[2.7] In this section, several factors
influencing the charge mobilities are classified and discussed.

Disorder
For a perfect 3-D crystal, molecules are arranged orderly in a crystal lattice.
The crystal lattice can be constructed from its unit cell, which can be repeated in
3D to form the lattice. In amorphous materials, e.g. in amorphous semiconducting
polymers, there exists no unit cells. The polymer chains just take up random
conformations in space, resulting in an amorphous solid. The term “disorder” can
be understood as introduced to describe the condition that the basic units in
materials are not identical. There are two main types of disorders: energetic
disorder, and positional disorder.[2.8] Energetic disorder is the reflection of
energetic fluctuations in sites e.g. the energetic level distributions of HOMO and
LUMO of a semi-conducting material. Positional disorder means two or more
plausible conformations are all possible in a given structure.[2.9]

20

Temperature
In organic homogenous materials, the carrier mobilities show highly
temperature-dependent characteristics.[2.10] Unless the carrier scattering effect by
phonons observed in highly-ordered materials, the carrier mobilities in organic
materials have positive correlations with the temperature, because charge carriers
in higher temperatures have larger energies to overcome barriers in energetic
disorders. From the Arrhenius law, the carrier mobility 𝜇 in conjugated polymers
can be given as
−𝐸

𝜇 = 𝜇∞ exp ( 𝑘 𝑇𝐴)
𝐵

(2.6)

where 𝜇∞ is the high temperature limited carrier mobility, 𝐸𝐴 is the activation
energy, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature.[2.11]
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Applied Electric Field
The carrier mobilities of organic materials tend to increase in higher electric
fields.[2.12, 2.13] At low electric field conditions, the carriers may to be trapped
in localized states, and only a small amount of trapped carriers can obtain enough
energy from thermal vibrations to hop into the conducting band. When the applied
electric field increases, the field can reduce the heights of potential wells that trap
the carriers. As a result, carriers can be de-trapped and contribute to conduction.
The field-dependent mobilities can be explained by the Poole-Frenkel
effect.[2.14]
𝜇(𝐹) = 𝜇0 exp(𝛽√𝐹)

(2.7)

where 𝛽 is the Poole-Frenkel (PF) slope determined by temperature, 𝜇0 is the
zero-field mobility, and 𝐹 is the applied electric field. 𝛽 can be estimated by an
empirical relationship expressed as
𝛽 = 𝐵 [𝑘

1
𝐵𝑇

−𝑘

1
𝐵 𝑇0

]

(2.8)

where 𝐵 is a numerical constant, and 𝑇0 is the room temperature. Figure 2.4
shows the schematic diagram of the Schottky emission with the Poole-Frenkel
effect at high applied electric fields.
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Figure 2.4

(a) Schematic diagram of the trap space charge-limited current

model. Traps are both energetically and positional distributed throughout the
energy bandgap and capture the free carriers and offer some energy barrier to
release them. Higher electric field lowers the barrier height of traps which cause
to increase the emission rate from traps and hence the current density (b) The
Schottky effect: (Φm ) work function of the metal, (Φ) electron potential energy
near the surface of the metal in the presence of the applied field, (εF ) Fermi level
in the metal, (ΔΦ) reduction in the work function under the influences of the
applied field, (F) applied electric field, (x) distance from the interface.

23

2.2.4 Gaussian Disorder Model
Gaussian disorder model (GDM) was introduced by H. Bässler in 1993.[2.15]
to describe charge carrier transport in an organic solid. Transport sites in HOMO
or LUMO with an energy of ϵ are modeled by a Gaussian distribution
ϵ2

1

Q(ϵ) = √2𝜋𝜎2 exp (− 2𝜎2 )

(2.9)

where 𝜎 is the energetic disorder [standard deviation of Q(ϵ)]. (shown in Figure
2.5) Miller relationship was used to describe the hopping probability of charge
carriers in an organic solid with two assumptions: (1) the Gaussian distribution
depends only on the separation between hopping sites, and is independent of
energetic sites; (2) the polaron coupling force is ignored[2.16]
𝜅𝑖𝑗 = 𝜈exp(−2𝛾𝑅𝑖𝑗 ) {

exp (−

ϵ𝑗 −ϵ𝑖
𝑘𝐵 𝑇

)

1

ϵ𝑗 > ϵ𝑖
ϵ𝑗 < ϵ𝑖

(2.10)

where 𝜈 is the attempt-hopping frequency, 𝜅𝑖𝑗 and 𝑅𝑖𝑗 represents the hopping
rate and hopping distances between two hopping sites 𝑖 and 𝑗, 𝛾 is the overlap
integral, 𝑇 is the absolute temperature, ϵ𝑖 and ϵ𝑗 are the site energies of the
two sites between the carrier hopping. 𝜅𝑖𝑗 reduces exponentially with the
increase of site energies ϵ𝑗 − ϵ𝑖 . High-resolution nano-scale microscopic
morphology is required for the 𝜅𝑖𝑗 measurement, which is difficult to access so
far. Therefore, Monte Carlo method is introduced to simulate the carrier mobility
in disordered materials. The results can be summarized by:
2𝜎

2

𝜇0 = 𝜇∞ exp [− (3𝑘𝑇) ] exp (𝛽𝐹

1⁄
2)

(2.11)

where 𝜇∞ is the high-temperature limit carrier mobility. The relationship among
the PF slope 𝛽, energetic disorder 𝜎 and positional disorder 𝛴 can be given by
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𝜎

2

𝛽 = 𝐶 [( ) − 𝛴 2 ]

𝐹𝑜𝑟 𝛴 > 1.5

(2.12)

𝛽 = 𝐶 [(𝑘𝑇) − 2.25] 𝐹𝑜𝑟 𝛴 ≤ 1.5

(2.13)

𝑘𝑇
𝜎

2

where 𝐶 is the numerical coefficient.[2.17] For the zero-field conditions,
Equation 2.11 can be simplified as
2𝜎

2

𝜇0 = 𝜇∞ exp [− (3𝑘𝑇) ]

(2.14)

Figure 2.6 shows a typical plot of 𝜇0 against 1⁄𝑇 2 . 𝜎 and 𝜇∞ are
extracted from the slope and y-intercept of the linear fit of the experimental data
by Equation 2.14.
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Figure 2.5

Gaussian distributions of HOMO and LUMO in an organic

semiconducting solid.
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Figure 2.6

A typical plot of zero-field hole mobilities 𝜇0,ℎ against 1⁄𝑇 2 for

the PTB7:PC71BM BHJ film by the admittance spectroscopy (AS) measurement.
AS is a technique to measure carrier mobilities in semiconductors, and the
fundamental principles of AS are introduced in Chapter 2.2.6.
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2.2.5. Space Charge Limitation Current (SCLC) Measurements
Space charge-limited current (SCLC) model is commonly used to describe
the electrical conduction for conducting/semiconducting polymers.[2.18] For
thermal equilibrium, the space charge density is zero, because of the equal
concentrations of free electrons and holes(𝑛 and 𝑝). Assume that the sample is a
thin film, when an electric field 𝐹 is applied to the film, free carriers are injected
into the sample. The current density 𝐽 can be expressed as
𝐽 = 𝑛𝑞〈𝜈〉 = 𝑛𝑞𝜇𝐹

(2.15)

where 〈𝜈〉 is the average drift velocity of the charge carriers, and 𝜇 is the carrier
mobility. When the applied electric field is low, free charge carriers are mainly
generated by the randomly thermal motion. Whereas when the applied electric
field increases gradually, the injected carriers become the majority. In the latter
case, the thermally generated carriers can be ignored. From Gauss Law and
Equation 2.15,
𝜀

𝜕𝐹

∙ =𝑛
𝑞 𝜕𝑥
𝐽

𝐹𝜕𝐹 = 𝜀𝜇 𝜕𝑥

(2.16)
(2.17)

where 𝜀 is the dielectric constant in the medium, and 𝑥 is the distance in the
organic semiconducting film from the boundary 𝑥 = 0. Equation 2.17 can be
integrated for both sides
2𝐽

1⁄
2

𝐹(𝑥) = (𝜀𝜇)

𝑥

1⁄
2

28

+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(2.18)

To consider an organic semiconducting film with the thickness of 𝑑,
V(x) =

𝑑
∫0 𝐹(𝑥)𝑑𝑥

2𝐽

1⁄
2

= (𝜀𝜇)

9 𝜀𝛾𝑉

𝐽 =8∙

𝐿2

𝑑 1
∫0 𝑥 ⁄2
9

8𝐽

= (9𝜀𝜇)

1⁄
2

𝑉2

= 8 ∙ 𝜀𝜇( 𝐿3 )

𝑑

3⁄
2

(2.19)
(2.20)

Equation 2.20 is known as the Child’s law. When the Poole-Frenkel (PF) effect is
taken into consideration, the SCLC result can be further modified be the
Murgatroyd relationship[2.19]
𝜇 = 𝜇0 exp(0.89𝛽√𝐹)

(2.21)
𝑉2

9

𝐽 = 8 ∙ 𝜀0 𝜀𝑟 𝜇0 exp(0.89𝛽√𝐹)( 𝐿3 )

(2.22)

where 𝜀0 is the dielectric constant in vacuum, 𝜀𝑟 is the medium permittivity, 𝜇0
is the zero-field carrier mobility and 𝛽 is the PF slope.
Figure 2.7 shows a typical JV curve of a hole-only organic BHJ device. The
product of the SCL current 𝐽𝑆𝐶𝐿𝐶 and the BHJ film thickness 𝑑 is used as the
x-axis, because of the thickness-dependent 𝐽𝑆𝐶𝐿𝐶 . 𝜇0 and 𝛽 can be extracted by
fitting the JV curve from SCLC measurement.
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Figure 2.7

Typical JV data of a hole-only organic BHJ device from the SCLC

measurement at room temperature. The sample is the PTB7:PC71BM BHJ film
with the D:A weight ratio of 1:1.5 (3 vol% DIO in the processing solution).
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2.2.6. Admittance Spectroscopy (AS) Measurements*
Admittance Spectroscopy (AS) is an electrical measurement for carrier
mobilities in organic BHJ films.[2.20, 2.21] The BHJ devices for the AS
measurement is the same with the SCLC samples. When a DC voltage is applied
on the AS device, target carriers can transport through the BHJ films and then be
injected to the corresponding electrode, whereas the undesired carriers can be
blocked by the blocking layer. The structure of hole-only devices is
Au/Spiro-TPD:CuPc/active layer/PEDOT:PSS/ITO, and the structure of devices
for electron measurements is Al/LiF/BHJ/Al/ITO. Figure 2.8 shows a typical plot
for the frequency-dependent capacitance of a hole-only BHJ film.
Based on the DC voltage, if another small AC perturbation is added to the
sample, the frequency dependent admittance 𝑌(𝜔) can be expressed as
𝑌(𝜔) = 𝐺 + 𝑗𝑆 = 𝑗𝜔𝐶

(2.23)

where 𝐺 is the conductance, 𝑆 is the susceptance, 𝐶 is the capacitance, 𝑗 is
the imaginary number, and 𝜔 is the angular frequency. The electric field and
charge density can be obtained by the Gauss theory and medium Laplace’s
equation.
𝐽(𝑡) = −𝑞𝜌𝜇(𝑡)𝐸(𝑥, 𝑡) + 𝑞𝐷
⃑

*

𝜕𝜌(𝑥,𝑡)
𝜕𝑥

(2.24)

𝜕𝐸
⃑⃑⃑
𝐽𝐷⃑ = 𝜕𝑡 ∙ 𝜀=0

(2.25)

⃑⃑⃑
𝐽𝐷⃑ 𝜕𝑡 = 𝜀𝜕𝐸⃑

(2.26)

Deviations were also provided in details from Ref. 2.20.
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Equation 2.26 can be integrated for both sides
𝑠
𝑠
𝐽𝐷 𝜕𝑡𝜕𝑠 = 𝜀 ∮0 𝜕𝐸⃑ 𝑑𝑠
∮0 ⃑⃑⃑

(2.27)

𝑠
⃑ 𝜕𝑠 = 0
𝑄 = ∫0 𝐷

(2.28)

𝐽(𝑡) = −𝑞𝜌(𝑥, 𝑡)𝜇(𝑡)𝐸(𝑥, 𝑡) = 𝜀𝜇(𝑡)𝐸(𝑥, 𝑡)
𝐽 = 𝜀𝜇𝐸(𝑥)

𝜕𝐸(𝑥,𝑡)
𝜕𝑥

𝑑𝐸(𝑥)

(2.29)
(2.30)

𝑑𝑥

𝐽𝑑𝑥 = 𝜀𝜇𝐸(𝑥)𝑑𝐸(𝑥)

(2.31)

By integrating both sides of Equation 2.31,
𝑥

𝐸(𝑥)

∫0 𝐽𝑑𝑥 = ∮0

𝜀𝜇𝐸(𝑥)𝑑(𝑥)

(2.32)

1

𝐽𝑥 = 2 ∙ 𝜀𝜇[𝐸(𝑥)]2
2𝐽

𝐸(𝑥) = √𝜀𝜇 ∙ 𝑥
𝜀

2𝐽

(2.33)

1⁄
2

𝜌(𝑥) = 2𝑞 √𝜀𝜇 𝑥

(2.34)

1⁄
2

(2.35)

Then, the electric field and charge density can be re-described by Child’s law
9

𝑉2

𝑑2

𝐽 = 8 𝜇𝜀 𝑑3 and 𝜇 = 𝜏𝑉
2

3

𝑉

𝐸(𝑥) = √𝜀𝜇 ∙ 2√2 √𝜀𝜇 ∙ 𝑑√𝑑 ∙ 𝑥
𝜀

2

3

1⁄
2

3

(2.36)
𝑑2

1

= 2 ∙ 𝑑√𝑑 ∙ 𝜏𝜇 =

𝑉

𝜌(𝑥) = 2𝑞 ∙ √𝜀𝜇 ∙ 2√2 ∙ √𝜀𝜇 ∙ 𝑑√𝑑 ∙ 𝑥

−1⁄
2

=

3𝜀√𝑑
4𝑞𝑢𝜏

3√𝑑
2𝜏𝜇

∙𝑥

𝑥

1⁄
2

−1⁄
2

(2.37)
(2.38)

The electric field, charge density and current density are modified by the adding
of DC perturbation components, when a small AC-voltage signal presences in the
RC parallel circuit.
𝐸𝑡𝑜𝑡 (𝑥, 𝑡) = 𝐸(𝑥) + 𝐸 ′ (𝑥, 𝑡)

(2.39)

𝜌𝑡𝑜𝑡 (𝑥, 𝑡) = 𝜌(𝑥) + 𝜌′ (𝑥, 𝑡)

(2.40)

𝐽𝑡𝑜𝑡 (𝑡) = 𝐽 + 𝑗(𝑡)

(2.41)

Here, we assume that the perturbation is a sinusoidal signal. The 𝐸(𝑥) and 𝜌(𝑥)
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can be rewritten by adding the time-dependent components, and the
time-dependent current can be expressed as
𝑗(𝜔) =

3𝜀√𝑑
4𝜏𝜇𝑥

∙ 𝜇(𝜔) ∙ 𝑥

−1⁄
2

∙ 𝐸 ′ (𝑥, 𝜔) +

3𝜀√𝑑𝜇(𝜔)
2𝜏𝜇(𝑥)

∙𝑥

1⁄ 𝜕𝐸′ (𝑥,𝜔)
2∙
+
𝜕𝑥

𝑖𝜔𝜀𝐸 ′ (𝑥, 𝜔)

(2.42)

Let 𝜇̃(𝜔) to be the normalized mobility,
𝜇̃(𝜔) =
𝑗(𝜔) =

̃ (𝜔)
3𝜀√𝑑𝜇
4𝜏

∙𝑥

−1⁄
2

∙ 𝐸 ′ (𝑥, 𝜔) +

̃ (𝜔)
3𝜀√𝑑𝜇
2𝜏

𝜇(𝜔)

(2.43)

𝜇

∙𝑥

𝑗(𝜔) = 𝑒𝜇(𝜔)𝜌(𝑥)𝐸 ′ (𝑥, 𝜔) + 𝜀𝜇(𝜔)𝐸

1⁄ 𝜕𝐸′ (𝑥,𝜔)
2∙
𝜕𝑥
𝜕𝐸′ (𝑥,𝜔)
𝜕𝑥

+ 𝑗𝜀𝜔𝐸 ′ (𝑥, 𝜔)

+ 𝑖𝜀𝜔𝐸 ′ (𝑥, 𝜔)

(2.44)
(2.45)

By solving the first order differnential, the perturbation voltage can be obtained
𝑗(𝜔)

𝐸 ′ (𝑥, 𝜔) =

𝑖𝜔𝜀

𝑑

∙ 〈1 −

𝑉 ′ (𝜔) = ∫0 𝐸 ′ (𝑥, 𝜔)𝑑𝑥 =

̃ (𝜔)
3√𝑑𝜇
4𝑗𝜔𝜏

𝑗(𝜔)
𝑗𝜔𝜀

〈𝑑 −

∙𝑥

−1⁄
2

̃ (𝜔)
3√𝑑𝜇
2𝑗𝜔𝜏

−4𝑗𝜔𝜏

∙ {1 − 𝑒𝑥𝑝 [3√𝑑𝜇̃(𝜔) ∙ 𝑥

1⁄
2 ]}〉

̃ (𝜔) 2
3𝜇

− 2𝑑 [

4𝜔𝜏

(2.46)

−4𝑗𝜔𝜏

] {1 − 𝑒𝑥𝑝 [ 3𝜇̃(𝜔) ]}〉 (2.47)

Let Ω = ωτ,
𝑉 ′ (Ω) =

𝑗(Ω)𝜏𝑑
Ω3 𝜀

〈−𝑗Ω2 + 1.5𝜇̃(Ω)Ω + 2j[0.75𝑢̃(Ω)]2 {1 − 𝑒𝑥𝑝 [

−4𝑗Ω

]}〉

̃ (Ω)
3𝜇

(2.48)

The admittance 𝑌(𝛺) can be expressed as,
𝜀𝐴

𝑌(𝛺) = 𝜏

𝐷𝐶

〈

𝛺3
−4𝑗𝛺
̃ (𝛺)𝛺+2𝑗[0.75𝜇
̃ (𝛺)]2 ∙{1−𝑒𝑥𝑝[
−𝑗𝛺2 +1.5𝜇
⁄

̃(𝜔)]}
3𝑢

〉

(2.49)

where A is the active area of the device.
The carrier mobility can be extracted by the simulation equation,
−∆𝐵 = −2𝜋𝑓(𝐶 − 𝐶𝑔𝑒𝑜 )

(2.50)

The maximum of −∆𝐵 can be obtained at 𝑓 = 𝑓𝑟 , and the relationship between
𝑓𝑟 and the average carrier transit time 𝜏 can be expressed as,
𝜏=

0.56
𝑓𝑟

= 0.56𝜏𝑟

(2.51)

Therefore, the average carrier mobility 𝜇 can be expressed as
𝑓 𝑑2

𝑟
𝜇 = 0.56𝑉
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(2.52)

Figure 2.8

Typical frequency-dependent capacitance curve of an PTB7:PC71BM

(1:1.5) BHJ film with 3 vol% DIO from AS measurement at room temperature.
The negative differential susceptance −∆𝐵 equals 2𝜋𝑓(𝐶 − 𝐶𝑔𝑒𝑜 ).
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2.3. Organic Photovoltaic (OPV) Devices and Measurements
2.3.1. Working Principle of OPV Devices
An organic photovoltaic (OPV) cell converts sunlight into electricity.
Generally, an OPV device consists of a cathode, an electron transporting layer
(ETL), a photoactive layer, a hole transporting layer (HTL) and an anode. The
photoactive layer contains both an electron donor and an acceptor. It forms the
core of an OPV device. Figure 2.9 shows the principle of an OPV device. Three
critical steps are involved[2.22, 2.23]:
(1) Light absorption
Photons are harvested primarily by the donor material. Electrons are excited from
HOMO of donor materials to the LUMO states. The holes left behind in the
HOMO and bound to electrons in the LUMO, forming excitons.
(2) Exciton diffusion & Charge separation
The excitons diffuse to the donor/acceptor interfaces via concentration gradient.
Then, excitons dissociate into free carriers (hole and electron).
(3) Charge extraction
The free carriers are extracted by corresponding electrodes, forming current
flowing through an external circuit.

35

Figure 2.9

Schematic diagram of the operating mechanism of an OPV device,

involving light absorption, exciton diffusion, charge separation, and charge
extraction.
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2.3.2. Current Density – Voltage (JV) Curves
The power conversion efficiency is the most important parameter to
characterize OPV devices. The measuring standard involves three main elements:
(1) The air-mass 1.5G (AM 1.5G) solar spectrum is used in the solar simulator
for lab-based OPV devices;
(2) The incident light intensity is 100mW/cm2;
(3) OPV devices should be tested under room temperature (25oC).
Figure 2.10 indicates the relationship between the AM and solar zenith
angles. When the sun is overhead, the sunlight pathway is defined as AM 1G. For
an oblique sunlight angle 𝑧 with the zenith, the AM value is
1

1

𝐴𝑀 = cos 𝑧 = sin ℎ

(2.53)

where ℎ is the angle measured from the horizon. The AM 1.5G corresponds the
𝑧 of 48.2o.
A typical JV curve of an OPV device is plotted in Figure 2.11. The
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and
power conversion efficiency (PCE) are four basic parameters to characterize the
device performance. Jsc is the current density without loading effects in the closed
circuit. Voc represents the device voltage when it is connected to a resistor of
infinite resistance (ie. open circuit). The power output P is extracted by the
product of current density and voltage, and the relationship between the maximum
power output Pmax and PCE can be given by
𝑃𝐶𝐸 =

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

=

37

𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥
𝑃𝑖𝑛

(2.54)

where Pin is the incident light intensity, Jmax and Vmax are the current density
and voltage at the maximum power output point. The FF can be defined by
Equation 2.55. So the PCE can be expressed as the function of Jsc, Voc and FF.
FF =

𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

PCE =

𝐽𝑠𝑐 𝑉𝑜𝑐
𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹
𝑃𝑖𝑛
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(2.55)
(2.56)

Figure 2.10

Solar zenith angles and AM 1.0G, AM 1.5G and AM 2.0G

radiations.
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Figure 2.11

Typical JV characteristic of a PTB7:PC71BM (1:1.5) BHJ solar cell.

The device structure is ITO/PEDOT:PSS/BHJ/LiF/Al.
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2.3.3. External Quantum Efficiency (EQE) and Spectral Responsivity
The term external quantum efficiency (EQE), also known as the incident
photon to current efficiency (IPCE), is defined as the ratio of number of charge
carrier generated to the number of incident photon in an OPV device. The EQE
can be expressed as
EQE =

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐
𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐

𝑐𝑢𝑟𝑟𝑒𝑛𝑡⁄𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐ℎ𝑎𝑟𝑔𝑒

= 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠⁄𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑜𝑛𝑒 𝑝ℎ𝑜𝑡𝑜𝑛

(2.57)

A monochromatic optical source is used for the EQE measurement. In each
wavelength of the incident photons, the electrical current of the device is
measured and recorded, and the EQE curve can be plotted as a function of the
wavelengths of the incident photons. The short-current density Jsc of an OPV
device from the I-V sweeping can be calibrated by the integral of the EQE
spectrum.
The spectral responsivity 𝑅 is the measurement to characterize the current
generated from the OPV device under the unit power of the incident photons. The
unit of the spectral responsivity is amperes per watt (𝐴/𝑊). In each wavelength,
the relationship between the EQE and spectral responsivity can be given as
𝐸𝑄𝐸 = 𝑅 ∙

ℎ𝑓
𝑞

(2.58)

where ℎ is the Planck constant, 𝑓 is the frequency of the incident photon, and 𝑞
is the elementary charge.
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2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for
determining chemical structures. It is widely used in organic chemistry.[2.24, 2.25]
Purcell et al. and Bloch et al. developed NMR spectroscopy for liquids and solids,
and won the Nobel Prize in Physics in 1952. The nucleus of an atom possesses a
net nuclear spin which is associated with a magnetic moment. When an external
magnetic field is applied, nuclei with the spin quantum numbers 𝑚 = 1⁄2
respond to the field. The nuclear spin can either along the direction of the
magnetic field (low energy) or opposite to the direction of the magnetic field (high
energy). Figure 2.12 shows the fundamental principle of NMR. Under a fixed
applied magnetic field 𝐵0, the quantum state of a nucleus is split into two states.
Irradiation with radio frequency photons may flip the nuclear spins from the lower
(ground) state to the excited state. Resonance absorption occurs when the energy
of the incident photon is equal to the energy difference between the upper and the
lower states:
𝐸𝑎𝑏𝑠𝑜𝑟𝑏 = (𝐸−1⁄2𝑠𝑡𝑎𝑡𝑒 − 𝐸+1⁄2𝑠𝑡𝑎𝑡𝑒 ) = ℎ𝛾

(2.59)

where 𝐸𝑎𝑏𝑠𝑜𝑟𝑏 is the energy absorbed by the nuclear spin, 𝐸−1⁄2𝑠𝑡𝑎𝑡𝑒 and
𝐸+1⁄2𝑠𝑡𝑎𝑡𝑒 are the orbital energy levels, 𝛾 is the frequency of the incident radio
wave. Nuclei relaxation or absorption can be detected by the radio frequency
receiver and amplifier. The conventional method to obtain the NMR spectroscopy
is the continuous wave method, which means the receiver scans the whole
frequency range of the incident radio wave. So far the fast Fourier Transform
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technique, using a broad frequency pulse as the stimulation source, is widely used
to replace the continuous wave method.

Chemical Shift
For an atom or molecule under real conditions, the effective magnetic field
𝐵𝑒𝑓𝑓. involves two main components: the applied magnetic field 𝐵0, and the
magnetic field 𝐵𝑛 originated from the neighboring nuclei and differing chemical
environments.[2.26] When 𝐵0 is applied, the protons can be shielded by local
magnetic fields generated by the movements of surrounding electrons in the
valance band. Therefore, nuclei need to absorb photons with higher energies to
achieve magnetic resonance. The superimposed 𝐵𝑒𝑓𝑓. results a slight difference
in the absorbed photon frequency. This phenomenon is defined as the chemical
shift, and the unit is usually expressed in parts per million (𝑝𝑝𝑚). Generally, the
tetramethylsilane (TMS) is set as the standard zero of the resonant frequency.
Three main factors can influence the chemical shift: (1) the electronegativity of
adjacent functional groups, (2) the electron density, and (3) the anisotropic
induced magnetic fields. The chemical shift δ can be expressed as
δ=

𝛾−𝛾𝑟𝑒𝑓
𝛾𝑟𝑒𝑓

(2.60)

where γ is the observed resonance frequency, and 𝛾𝑟𝑒𝑓 is the resonance
frequency of the reference compound.
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Figure 2.12

The fundamental mechanism of the NMR spectroscopy under an

applied magnetic field 𝐵0. The emission of the radio wave caused by energy gap
is the basic signal for the NMR spectroscopy measurement. Source: Hebrew
University NMR Lab Website.
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Spin-spin Coupling
For most organic materials, the photon signals in NMR spectra are split into
sub-peaks. Figure 2.13 is a standard NMR spectrum of 1,1,2-trichloroethane. The
protons 𝐻𝑎 have the proton signal at 3.96 ppm, where the peak is split to a
doublet with the same height. Similarly, the signal of the protons 𝐻𝑏 at 5.76 ppm
is split to a triple-peak signal, which has a higher middle peak and two lower
outside peaks. The area of the middle peak equals to the sum of two outside peaks.
The triple-peak signal in NMR spectrum is called a triplet.
The spin-spin interaction is the source of the proton signal splitting.[2.28]
The essence of the spin-spin interaction is the magnetic interactions with adjacent
nuclei which have non-equivalent responses for the applied magnetic field. For
1,1,2-trichloroethane, the proton 𝐻𝑎 is shielded by the surrounding electrons in
the HOMO, and meanwhile, is affected by the small magnetic field originated
from the adjacent proton 𝐻𝑏 . Besides the applied magnetic field 𝐵0, the magnetic
moment 𝐻𝑏 from the proton b is also aligned with 𝐵0. The effective magnetic
field 𝐵𝑒𝑓𝑓. is slightly different from 𝐵0, which is larger if 𝐻𝑏 is aligned with
𝐵0, or smaller if the 𝐻𝑏 is aligned with 𝐵0. Therefore, the signal peak is split
into doublets.
The occurrence of the triplet is similar. The magnetic field experienced by
proton 𝐻𝑏 is influenced by the two adjacent protons 𝑎1 and 𝑎2 . With the
addition of another proton, the effective magnetic field 𝐵𝑒𝑓𝑓 of the proton b
becomes more complex. There are four possible 𝐵𝑒𝑓𝑓 conditions with the same
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possibility, involving (1) 𝐻𝑎1 and 𝐻𝑎2 with 𝐵0; (2) 𝐻𝑎1 with 𝐵0, 𝐻𝑎2 against
𝐵0; (3) 𝐻𝑎2 with 𝐵0, 𝐻𝑎1 against 𝐵0; and (4) 𝐻𝑎1 and 𝐻𝑎2 against 𝐵0. In the
conditions of (2) and (3), the shielding effects of 𝐻𝑎1 and 𝐻𝑎2 are cancelled by
each other. Therefore, the NMR signal of proton b is a triplet, with middle peak
having an intensity twice as the two side peaks.

Supramolecular Interaction
Besides the effects from adjacent protons, the effective magnetic field 𝐵𝑒𝑓𝑓.
can be also influenced by a various kinds of forces from the spatial organization,
involving the hydrogen bonding, electrostatic force, intermolecular force, metal
coordination, 𝜋 − 𝜋 stacking, Van der Waals force and hydrophobic force.[2.28]
These non-covalent forces are called the supramolecular interaction. Many
important phenomena can be demonstrated by the supramolecular interaction,
involving the host-guest interaction, self-assembly of small molecules, folding
and interlocked molecular structure. The NMR spectroscopy is a powerful tool to
study the supramolecular interaction. For the aromatic protons, the change of the
chemical environment results in significant shifts in the NMR peaks. In this thesis,
we will use NMR spectroscopy to probe the interactions between a ternary
compound and BHJs derived from some common donor polymers.
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Figure 2.13

The 1HNMR spectrum of 1,2,2-trichloroethane. The NMR peak at

3.96ppm is the signal from proton a. The peak at 5.76ppm is from proton b.
Source: Chemistry LibreTexts.
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2.5. Fluorescence Measurements for BHJ Films
2.5.1. Time-resolved Photoluminescence (PL)
Time-resolved photoluminescence (TRPL) is a technique for measuring the
PL decay as a function of time. In TRPL measurement, a pulsed laser is used to
excite a sample under test. The fluorescence from the sample is the measured
against time.[2.29] Single-photon counting (SPC) technology is now widely used
to accomplish TRPL measurement. In a typical SPC measurement, the pulsed
laser is firstly separated into two laser beams. A time amplitude converter (TAC)
can be triggered by one of the laser beams to ramp up a voltage. Meanwhile, the
other laser beam hits on the sample under test to generate the PL signals, which
then goes through a long pass filter, monochromator and subsequently a
photoluminescence tube. The PL tube sends a stop signal to the TAC after
detecting the first photon, and a pulse height analyzer records the generated TAC
voltage. Typically, the whole process for one capture repeats 250,000 times per
second. Figure 2.14 shows a typical fluorescence decay process of an organic
BHJ film.
The TRPL intensity can reflect the carrier recombination in semiconducting
solids, because they are proportional with each other. For a semiconducting solid,
the radiative recombination rate 𝑅𝑟𝑎𝑑. can be expressed as
𝑅𝑟𝑎𝑑. (𝑡) = 𝐵[𝑝0 (𝒓) + 𝑝(𝒓, 𝑡)]𝑛(𝒓, 𝑡)

(2.61)

where 𝐵 is a constant related to recombination, 𝑝0 is the steady-state hole
concentration. 𝑝 and 𝑛 are the hole and electron concentrations, respectively.
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Figure 2.14

Typical fluorescence decay process of an organic BHJ film from the

time-resolved PL measurement. The sample is the PTB7:PC71BM BHJ films with
the D:A ratio of 1:1.5 (3 vol% DIO). A 410nm laser is used to generate the exciton
beam.*

*

The TRPL data was generously provided by Pengqing Bi of Shandong University.
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2.5.2. Confocal Lifetime Imaging*
The confocal lifetime imaging is a measurement for the fluorescence lifetime
by using the confocal microscopy. Two concepts need to be introduced: the
confocal microscopy, and the fluorescence-lifetime imaging microscopy (FLIM).
Comparing with the traditional optical microscopy (OM), the confocal
microscopy improves the resolution of images captured, by a spatial pinhole at the
confocal plane, which is used to eliminate the stray light.
In the OPV field, FLIM is used to measure the exciton recombination of a
semiconducting solid, and product an image based on the distribution of the
exponential fluorescence decay time.[2.30, 2.31] For the organic BHJ films, the
excitons are generated by the incident photons, and will be dissociated to the
donor:acceptor interfaces and separated into free carriers, or drop back to the
HOMO levels (recombination). The fluorescence intensity can be expressed as
𝐼(𝑡) = 𝐼0 𝑒 −𝑡⁄𝜏
1

𝜏 = Σ𝑘

𝑖

(2.62)
(2.63)

where 𝐼0 is the fluorescence intensity when 𝑡 = 0 , 𝜏 is the fluorescence
lifetime and 𝑘𝑖 is the rate for each decay pathway. The lifetime image can be
produced by the fluorescence intensity in each pixel, which is determined by 𝜏.
The time-resolved fluorescence images can be obtained by the confocal lifetime
imaging technique, and the distribution of the exciton lifetime and the
morphology of BHJ films can be further analyzed.

*

The confocal lifetime imaging data was generously provided by Pengqing Bi of Shandong University.
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Chapter 3
Experimental Details

3.1. Device Fabrication
3.1.1. Substrate Treatment
Three types of substrates were used for different experiments in this thesis.
Indium thin oxide (ITO)/glass-based substrates were used for the electronic device
fabrication, involving OPV devices and single-carrier devices. Quartz substrates
were applied to prepare the organic films for optical property measurements. The
patterns of substrates for various experiments are summarized in Figure 3.1.
ITO/glass substrate preparation: the substrates were scrubbed twice by
ethonal cotton swabs on both sides twice to remove large-granule dusts and
impurities, and then cleaned by a brush with detergents. The leftover detergents
attached on the substrates were removed by a 90oC Deconex cleaner bath which
was prepared by mixing the Deconex (Borer Chemie, Deconex 12PA) and the
deionized (DI) water with the ratio of 1:20 in volume. The substrate was
immersed in the bath for 10 minutes. Subsequently, they were transferred to an
ultrasonic bath (Model Branson 2800) and further cleaned by DI-water, acetone
and 2-propanal solvents. The detailed sample treatment processes are summarized
in Table 3.1. The solvent-treated substrates were dried for at least 12 hours in a
cleaning hood (Model Terra Universal 714/526-0100) with the ambient humidity
around 50-60% to fully evaporate the residual solvents.
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Quartz Substrate Preparation: the substrates were immersed in acetone
ultrasonic bath for 20 minutes. Then, they were treated by ultra-violet ozone
(UVO) (Model Jelight, 42-220) for 13 minutes. The last step was used to remove
residual hydrocarbons adhering on the surface of both the ITO and quartz based
substrates. Samples or devices should be prepared immediately after the UVO
treatment.

Table 3.1 Procedures for the substrate cleaning in the ultrasonic bath.

54

Figure 3.1

Three types of substrate designs used for the device fabrication in

this thesis. (a) and (b) are ITO/glass-based substrate designs for organic electronic
device fabrication; (c) is the quartz substrate used for the optical measurements of
organic films. (AS: admittance spectroscopy; SCLC: space-charge-limited current;
TRPL: time-resolved photoluminescence)
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3.1.2. Thin Film Deposition
The thin film used in this thesis is usually a layer of solar cell material,
carrier transporting material or electrode material, ranging from a monolayer to
micrometer-scale in thickness. Several deposition techniques can be used to
deposit these films. Examples are spin-coating, plating, chemical solution
deposition (CSD), dip-coating, evaporation and sputtering.[3.1, 3.2] In this section,
two standard lab-based methods, spin coating and evaporation are introduced
briefly, and the detailed experimental descriptions are shown as the Experimental
Details in Chapters 4, 5 and 6.

Spin-coating
Spin-coating is a common approach to deposit flat solid films. The solution
with target materials is dropped from a pipette tip onto the center of the substrate
which is anchored on a rotatable platform. The fluid solution is spun by the
platform by an electric rotor. The thickness of a thin film is controlled by the
solution concentration and spin speed (unit: rotation per minute RPM). The thin
films prepared are dried in the ambient air or N2 condition in the glove box, or
further treated by other film treatments, e.g. the thermal annealing (TA) and
solvent vapor annealing (SVA), to adjust the film morphology or physical
properties.[3.3, 3.4]
Poly(3,4-ethylenedioxythiophene):poly(styrene) (PEDOT:PSS) was used as
the hole extraction layer for the device fabrication in this thesis. Before
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spin-coating, the PEDOT:PSS solution was purified by a 0.45μm hydrophilic
PVDF filter, to remove the undesirable particles or polymer aggregations. 30nm
PEDOT:PSS layer was formed by pipetting 170uL solution onto the UV-treated
substrate, and spin-coating with the spin speed of 7000RPM for 60s. The substrate
deposited with PEDOT:PSS was then dried on a hot plate in ambient air at 140oC
for 10 minutes.
D:A BHJ films were also deposited by the spin-coating technique. The
solutions for BHJ film spin-coating were prepared in a clean room. The donor and
acceptor materials were weighted and blended in ambient air, and then dissolved
by suitable solvents, with certain additives in a glove box. Before spin-coating,
solutions were usually stirred on a hot plate (~70oC) for at least 12 hours to make
sure that the materials dissolved completely into solvents. The spin-coating
procedure for BHJ films was similar to the PEDOT:PSS deposition. The
thicknesses of the BHJ films were controlled by the solution concentrations and
spin speeds. Then the BHJ films were further modified, e.g., TA or SVA
treatments according to the material properties and sample demands. Figure 3.2
shows the detailed preparation procedures of the spin-coating technique.
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Figure 3.2

The details of a spin-coating process: (a) Solution stirring; (b)

Solution filtering; (c) Spin coating for the thin film deposition.
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Thermal Evaporation
Similar to the spin-coating technique, thermal evaporation is a common
technique for the thin-film deposition. The source material is heated in a metal or
ceramic boat under high vacuum. When the temperature reaches its melting point
or sublimation temperature, the material evaporates and then condenses on the
substrate or thin film previously deposited. A high vacuum condition (<4×10-6
Torr) is need to obtain flat thin-films with high purity. The thickness and
smoothness of the target objective are modified by the evaporation speed
(controlled by the current flowing past the heating source). Thermal evaporation is
a suitable method for source materials with low solubility. It is also used for
coating metal films.
Two thermal evaporators Denton (Model DV-502V) and Edwards (Model
AUTO 306) were used for the material thermal deposition in this thesis. Edwards
was mainly for the metal electrode sources (Au/Ag/Al) and ETL source (LiF), and
Denton was mostly used to deposit small molecules e.g. CuPc, Spiro-TPD, MoO3.
A quartz-crystal sensor was used to monitor the deposition process. BBoth
evaporators were operated by diffusion pumps. So, liquid nitrogen (N2) was
needed in order to trap oil and produce better vacuum in the whole process of the
thermal deposition. Figure 3.3 shows the fundamental working principle of a
thermal evaporator.
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Figure 3.3

Working principle of a thermal evaporator.
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3.2. Organic Photovoltaic (OPV) Device Measurements
3.2.1. Current Density – Voltage (JV) Characteristic
A standard polymer:fullerene OPV device was fabricated with the device
structure of ITO/PEDOT:PSS/BHJ/LiF/Al. (Figure 3.4) The schematic diagram of
the JV characteristic measurement is shown in Figure 3.5. The active layer
(0.1089cm2) of the OPV device was exposed in the simulated AM 1.5G
illumination generated by a solar simulator (Model Newport, 96000 150W). The
power of the incident light was 100W/cm2 , which was controlled by an optical
density (OD) 1.0 filter laid between the device under test and the optical source. A
sourcemeter (Model Keithley 2400 SourceMeter) was used to apply the voltage
across the load from -0.2V to 1.2V, and record the JV curve of the OPV device.
The JV characteristic measurement for OPV devices was operated at room
temperature 25oC. Four OPV parameters involving the power conversion
efficiency (PCE), short-circuit current density (Jsc), open-circuit voltage (Voc) and
fill factor (FF) can be extracted from the JV curve with the relationship expressed
as
𝐹𝐹 =
PCE =

𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥
𝐽𝑠𝑐𝑉𝑜𝑐

𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥 𝐹𝐹
𝑃𝑖𝑛

A commercial software Origin 8.0 is used to process the JV data.
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(3.1)
(3.2)

Figure 3.4

A standard OPV device with the conventional structure of

ITO/PEDOT:PSS/BHJ/LiF/Al.

Figure 3.5

Experimental setup for OPV device measurements.
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3.2.2. External Quantum Efficiency (EQE) Spectrum*
EQE measurement, which quantifies the current generation at different
wavelengths of the incident light, can be used to cross-check the PCE of an OPV
device obtained by JV measurements. Figure 3.6 shows the schematic diagram of
the experimental setup for EQE measurements. The single-wavelength light was
generated by the monochromator filter. The wavelength interval ∆λ was 5nm for
each step, and the whole measurement region was from 325nm to 1040nm. For
each wavelength, the spectral responsivity 𝑅 ( A/W ) under the unitary
illumination intensity can be expressed as
𝑞𝜆

𝑅(𝜆) = 𝐸𝑄𝐸(𝜆) × ℎ𝑐

(3.3)

where 𝜆 is the wavelength of the incident light, ℎ is the Planck constant, and 𝑐
is the velocity of light. By integrating of 𝑅 in each wavelength, the EQE
calibrated Jsc can be expressed as
1040

𝐽𝑠𝑐 = ∫325 𝑅(𝜆) 𝑃(𝜆)𝑑𝜆

(3.4)

where 𝑃(𝜆) is the light intensity of each wavelength.

*

The EQE measurements were conducted in Prof. Stephen Tsang group in City University of Hong Kong.
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Figure 3.6

Experimental setup for EQE measurements.
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3.3.

Charge Carrier Transport Measurements
In this section, the experimental details for carrier transport measurements

are discussed. Two techniques involving the space charge limitation current
(SCLC) and admittance spectroscopy (AS) were used to measure the carrier
mobilities of organic semiconducting materials and their corresponding
bulk-heterojunction (BHJ) films.[3.5-3.7] Single-carrier (electron- or hole-only)
devices were measured under low vacuum conditions (<30mbar) in a Cryostat
(Model Oxford Instruments DN-V). Before carrier mobility measurements, the
Cryostat chamber was evacuated by a vacuum pump (Model Edwards RV3) for at
least 12 hours. Figure 3.7 is the schematic diagram of a typical Cryostat.
A temperature controller (Model Oxford Instruments ITC 502) was
connected into the Cryostat chamber to monitor and regulate the temperature. The
real temperature of the sample under test was calibrated independently by a
thermal couple which is connected with the sample directly. For the cooling
process, liquid nitrogen (𝑁2 ) (boiling point of 77K) was filled into the 𝑁2 bath,
and the chamber temperature was regulated by a temperature controller. Generally,
three days were required to measure a single-carrier device: (1st day) sample
preparation and pumping; (2nd day) measurements at low temperatures; (3rd day)
measurements at high temperatures. The normal temperature interval for each
measurement was 30K, and the waiting time was 40 minutes to stabilize sample
temperature.
The device structure for hole measurements was Au/Spiro-TPD:CuPc/active
65

layer/PEDOT:PSS/ITO.

For

electron

measurements,

the

structure

was

Al/LiF/BHJ/Al/ITO.

3.3.1. Space-charge-limitation Current (SCLC) Measurement
𝑆𝐶𝐿𝐶 measurements were performed by the experimental setup shown in
Figure 3.8. Charge carriers can be injected into the thin-film active layer by the
applied DC voltage through a source measure unit (SMU) Keithley (Model 236).
The SMU was also used to record the currents under different voltage conditions.
The curve of the applied voltages and the corresponding currents was plotted by
the software Origin 8.0, and the zero-field single-carrier mobilities 𝜇0,𝑒 or 𝜇0,ℎ
of thin films (BHJ or pure materials) can be fitted by the SCLC model
𝑉2

9

𝐽 = 8 ∙ 𝜀0 𝜀𝑟 𝜇0 exp(0.89𝛽√𝐹)( 𝐿3 )

(3.5)

where 𝜀𝑟 is the medium permittivity, 𝜇0 is the zero-field carrier mobility 𝜀0 is
the dielectric constant in vacuum, 𝐿 is the thickness of the film under test, and 𝛽
is the Poole-Frankel (PF) slope. The JV-derived energetic disorder σ ,
high-temperature limited carrier mobilities 𝜇∞ can be obtained by measuring 𝐽𝑉
curves at different temperatures.
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3.3.2. Admittance Spectroscopy (AS) Measurement
For admittance spectroscopy (AS) measurement, carriers were injected into
the BHJ film when a DC voltage was applied on the device under test. A small AC
voltage was superimposed on the DC as perturbation. The DC signal was applied
by a supply (Model Manson Engineering Industrial, DPS-3030), and the AC
modulation was supplied by an impedance analyzer (Model Hioki 3535-50 LCR
Meter). Figure 3.9 shows the schematic diagram of the AS measurement.
The following simulation equation can be used to calculate the negative
differential susceptance −∆𝐵
−∆𝐵 = −2𝜋𝑓(𝐶 − 𝐶𝑔𝑒𝑜 )

(3.6)

By plotting the −∆𝐵 as a function of frequency 𝑓, the average carrier
mobility 𝜇 can be expressed as
𝑓 𝑑2

𝑟
𝜇 = 0.56𝑉
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(3.7)

Figure 3.7

An Oxford cryostat with the electrical connection, temperature

controller, and mechanical pump. The circle represents a viewing window for the
sample.
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Figure 3.8

Setup for the space-charge-limitation current (SCLC) measurement.

Figure 3.9

Setup for the admittance spectroscopy (AS) measurement.
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3.4. Measurements for Nuclear Magnetic Resonance (NMR) Spectroscopy*
The preparation of solution samples for the 1H nuclear magnetic resonance
(1HNMR) measurement was similar to the solution processing of the OPV
devices. For the study of the supramolecular interactions between different
molecules, the host and guest materials were weighted in air, and then dissolved in
the chloroform (CF) in the glove box. The standard concentrations of molecules
were around 10mg/mL.
NMR spectroscopy was achieved by a spectrometer (Model Bruker
AM-400).(Figure 3.10) The schematic diagram of the working mechanism is
shown in Figure 3.11. The magnet pole was first locked and shimmed to keep the
applied magnetic field constant and homogenous. Then a stable magnetic field
generated was applied on the solution sample which was held in the spinner of the
spectrometer (Figure 3.12). The radio frequency receiver and amplifier recorded
the nuclei relaxation or absorption.[3.8]

*

The NMR measurements were performed by fellow R.A. Jenner Ngai.
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Figure 3.10

A 1H (proton) NMR spectrometer, Model Bruker Ultrashield 400

PLUS (Frequency 400MHz) in HKBU.
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Figure 3.11
MSU

The working principle of the NMR spectroscopy. (Adapted from

Chemistry,

https://www2.chemistry.msu.edu/faculty/reusch/virttxtjml/

spectrpy/nmr/nmr1.htm)

Figure 3.12

The solution samples held in spinners of the NMR tube. (Adapted

from Hongyang Zhang, Department of Chemistry, Hong Kong Baptist University)
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Chapter 4
Bulk-heterojunction (BHJ) Organic Photovoltaic (OPV) Devices with
Enriched Polymer Contents*

4.1.

Introduction
Bulk-heterojunction (BHJ) is commonly used in organic-photovoltaic (OPV)

devices, and it consists of a mixture of electron donor (D) and acceptor (A).[4.1,
4.2] For such BHJ solar cells, the donor material (e.g. polymers) strongly absorbs
visible light, and transports hole carriers, whereas the acceptor material (e.g.
fullerene derivatives) mainly accepts and transports electrons.[4.3] For many
lab-based BHJ devices, the optimized D:A weight ratios are usually rich in
fullerene content.[4.4, 4.5] In benzo[1,2-b:4,5-b’] dithiophene-based (BDT-based)
polymer:fullerene OPV devices, the D:A ratio is usually 1:1.5, with 3 vol%
1,8-diiodooctane (DIO) in the process of the device fabrication.[4.6] For some
other BHJ systems, the optimized D:A ratios are even lower, e.g, a D:A ratio of
1:4 is commonly used in PCDTBT:PC71BM BHJ devices.[4.7] The effect of DIO
is to disperse the fullerene aggregations in BHJ films, and improves the electron
transport properties.[4.8] However, the BHJ films with such high fullerene
contents are not favorable to the optical absorptions, and have negative impacts on
the short-circuit current densities (Jscs) of the resulting OPV devices. This
consideration leads us to consider increasing the polymer contents in BHJs and

*

Part of this Chapter has appeared in Org. Electron. 2017, 40, 1-7.
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modify the absorbance of active layers. However, with more polymer, the electron
transport may be suppressed. Below, we describe how to make BHJ solar cells
with enriched polymer contents without compromising electron transport and
obtained devices with improved power conversion efficiencies (PCEs).
In this chapter, four well-known commercial polymers involving PTB7,
PCE-10, PDTSTPD and PCDTBT are used to demonstrate the polymer-rich
strategy can be used to improve the performance of OPV devices by increasing
the polymer contents in BHJ films. Figure 4.1 shows the chemical structures of
polymers. In the polymer-rich devices, the absorbances are enhanced, especially
in the polymer absorption regions. Higher DIO concentrations are used in the
casting solutions in order to further disperse fullerene domains, and maintain the
electron mobilities 𝜇𝑒 on par with the hole mobilities 𝜇ℎ . After the
re-optimization, the polymer-rich devices of PTB7:PC71BM, PDTSTPD:PC71BM
and PCDTBT:PC71BM systems show improved PCEs when compared to their
corresponding control devices. In contrast, there is no appreciable improvement in
the PCE of PTB7-Th based OPV device. SCLC measurements are used to
investigate the carrier transport properties of the polymer-rich and control BHJ
films. The results indicate that the polymer-rich BHJ films of PTB7:PC71BM,
PDTSTPD:PC71BM and PCDTBT:PC71BM systems have enhanced hole
mobilities, whereas the hole mobilities of the polymer-rich PTB7-Th BHJ film are
not improved despite an increase in the polymer content of up to 1:1 of the D:A
weight ratio. Admittance spectroscopy (AS) measurements are further performed
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in the PTB7:PC71BM model system to reveal the detailed carrier transport
properties. The results indicate that the field-dependent electron mobilities of
polymer-rich BHJ films can be improved by increasing DIO additive in the
processing solutions. Hole mobilities also increase by 2-3 times.

4.2. Experimental Details
For PTB7:PC71BM, PDTSTPD:PC71BM and PCE-10:PC71BM OPV devices,
30nm PEDOT:PSS layer was used as the hole extraction layer. PEDOT:PSS
solution was filtered by a 0.45μm hydrophilic PVDF filter. Then, the solution
containing PEDOT:PSS was spin-coated in 700RPM for 60s on an ITO substrate,
and dried on a hot plate in ambient air at 140oC for 10 minutes. For the
PCDTBT:PC71BM device, MoO3 was used as the hole extraction layer. 10nm
MoO3 layer was evaporated onto an ITO substrate under the high vacuum
condition (<4×10-6 Torr). The substrate was transferred into the N2 glove box for
spin-coating the active layers. For all BHJs, the D:A blending solutions were
stirred on the 70oC hot plate overnight. The active layers around 100nm were
spin-coated onto their substrates and dried at room temperature for 12 hours in the
glove box. After the active layers were dried, electron extraction layers
LiF(1nm)/Al(130nm) were evaporated on the top of the active layers.
Single-carrier-only

devices

were

fabricated

for

carrier

mobility

measurements. Similar to the OPV device fabrication, the structure of the
electron-only device has the form ITO/Al/BHJ/LiF/Al. Hole-only devices have
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the structure of ITO/BHJ/CuPc:Spiro-TPD/Au.

Figure 4.1

The chemical structures of (a) PTB7; (b) PCDTBT; (C) PDTSTPD;

and (d) PTB7-Th.
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4.3. Results and Discussions

4.3.1. OPV Device Performances with Various D:A Ratios
The performances of the optimized polymer-rich and control devices of
PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ devices are
summarized in Figure 4.2. The polymer-rich OPV devices show higher
short-circuit currents and PCEs relative to their control devices with their
respective normal D:A weight ratios. Higher DIO concentrations are used in the
polymer-rich D:A blending solutions. The polymer-rich PTB7:PC71BM (D:A
weight ratio of 1:1) OPV device with 4 vol% DIO in the processing solutions
achieves a the PCE of 7.7%, with the Jsc of 16.8 mA/cm2, FF of 59% and Voc of
0.78V. For the control device with a standard recipe (D:A ratio of 1:1.5, w/ 3 vol%
DIO), the PCE is 7.0% (FF of 60% and Voc of 0.77V) due to the reduction of Jsc
from 16.8 mA/cm2 to 15.1 mA/cm2. The PDTSTPD BHJ shows a similar behavior.
A higher Jsc of 11.3 mA/cm2 and a PCE of 6.3% can be obtained in the
polymer-rich device (D:A of 1:1.5 w/ 5 vol% DIO), comparing with 10.3 mA/cm2
and 5.6% of the control device (D:A weight ratio of 1:2 w/ 3vol% DIO).
Interestingly, the standard D:A ratio of the PCDTBT:PC71BM system is 1:4,
without additives. However, when 2 vol% DIO is added into the casting solution,
the fullerene content of the BHJ films can be reduced tremendously to 1:1.25. The
corresponding polymer-rich device can still achieve a better PCE of 6.3% with J sc
of 11.3 mA/cm2 compared to a PCE of 5.9% and a Jsc of 10.5 mA/cm2 in the
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control device. Table 4.1 summarizes the detailed OPV parameters of the
PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ systems. The
results indicate that the polymer-rich strategy can be used to fabricate OPV
devices with less fullerene contents, and the OPV performances can be enhanced.
Device

performances

of

PTB7:PC71BM,

PCDTBT:PC71BM

and

PDTSTPD:PC71BM OPV with various D:A ratios and DIO concentrations are
shown in the Appendix of this Chapter. Below, we briefly summarize the
procedures to obtain the polymer-rich OPV cells:
(1) First, for a particular BHJ, we make OPV cells based on a commonly accepted
D:A ratio and solvent additive (usually DIO) concentration.
(2) Then the optimized D:A ratio is altered with higher donor content, until the
OPV performance shows a significantly decline. For example, only 5% PCE
can be obtained by the OPV device with the PTB7:PC71BM weight ratio of
1:0.6. Therefore, no further optimization are processed in this D:A ratio.
(3) With the fixed D:A ratio realized in (2), the DIO concentrations are fine tuned
to get the best OPV device performance. This step is performed to enhance the
reduced electron mobility arising from Step (2).
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Figure 4.2

OPV performances of the optimized polymer-rich (circles) and

control (squares) PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM
BHJ devices.
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BHJ

PTB7

PCDTBT

PDTSTPD

Table 4.1

D:A
weight ratio

DIO
concentration
(in vol%)

Jsc
2

(mA/cm )

Voc (V)

FF (%)

PCE
(%)

𝜇0 (cm2V-1s-1)

1:1

4

16.8

0.78

59

7.7

2.2 × 10−4

1:1.5

3

15.1

0.77

60

7.0

1.3 × 10−4

1:1.25

2

11.3

0.88

63

6.3

2.4 × 10−5

1:4

0

10.5

0.90

61

5.9

3.2 × 10−6

1:1.5

5

11.6

0.92

59

6.3

6.4 × 10−6

1:2

3

10.3

0.91

60

5.6

3.9 × 10−6

OPV parameters of the optimized polymer-rich and control

PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ devices. The last
column indicates the zero-field hole mobilities discussed in section 4.3.3. It can be
seen that the polymer-rich BHJs have higher hole mobilities.
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4.3.2. External Quantum Efficiency (EQE) Spectra and Analysis
The external quantum efficiency (EQE) spectra of the polymer-rich and
control PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ devices
are shown in Figure 4.3. The thicknesses of the OPV devices for EQE
measurements are the same as the corresponding optimized OPV devices. There
are obvious improvements in the region where polymers contribute to the optical
absorptions. For example, the polymer-rich PTB7:PC71BM device exhibits
stronger EQE maintaining above 70% in the wavelength area around 500~650nm,
whereas the EQE of the control device drops to 60% in the same region. The
resulting EQE spectra indicate that the Jsc improvements of the polymer-rich
devices are mainly from the enhanced optical absorptions. The distinct
enhancements of the UV-visible optical absorption spectra of the polymer-rich and
control BHJ films can be observed in Figure 4.4.
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Figure 4.3

EQE spectra of the polymer-rich (circles) and control (squares)

PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ devices.
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Figure 4.4

UV-visible optical absorption spectra of the polymer-rich (circles)

and control (squares) PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM
BHJ films.
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4.3.3. SCLC Measurements for Hole Mobilities
To investigate the impacts of the polymer contents for charge carrier
transports, the hole mobilities of the BHJ films were evaluated by SCLC method.
The

structure

of

the

hole-only

device

is

ITO/PEDOT:PSS/BHJ/

spiro-TPD:CuPc/Au.[4.9] The spiro-TPD:CuPc layer is hole conducting but it
blocks electrons.[4.10] Figure 4.5 shows the hole-only JV curves of both the
polymer-rich and the control of PTB7:PC71BM, PCDTBT:PC71BM and
PDTSTPD:PC71BM BHJ films. The relationship between the zero-field hole
mobilities 𝜇0 and SCL currents 𝐽𝑆𝐶𝐿 can be expressed as[4.11, 4.12]
9

𝐽𝑆𝐶𝐿 𝑑 = 8 𝜀0 𝜀𝑟 𝜇0 exp(0.89𝛽√𝐹)𝐹 2

(4.1)

where 𝑑 is the thickness of the active layer, 𝜀0 is the permittivity in vacuum,
𝜀𝑟 is the relative dielectric constant, 𝛽 is the Poole-Frenkel slope[4.13], and 𝐹
is the applied electric field. The results indicate that the BHJ films with higher
polymer contents have larger hole mobilities. For example, the JV-fitted hole
mobility of the polymer-rich PCDTBT:PC71BM BHJ film is about 2.3 ×
10−5 cm2 V −1 s−1 , which is around one order larger than 3.2 × 10−6 cm2 V −1 s −1
of the control BHJ film with a D:A ratio of 1:4. The last column of Table 4.1
summarizes the hole mobilities of BHJ films by SCLC fittings.
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Figure 4.5

Hole-only current-voltage data of the polymer-rich (circles) and

control (squares) PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM
BHJ devices. The solid lines are SCLC fittings to the data.
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4.3.4. Carrier Transport Measurements by Admittance Spectroscopy (AS)
Below, we use PTB7:PC71BM as the model system to further investigate the
charge carrier transports in BHJ films by the AS method. The fundamental
principle of AS measurement is well documented and discussed in Chapter
2.[4.14-4.16] The hole and electron mobilities of the polymer-rich BHJ films with
various DIO concentrations are measured by AS. The structure of hole-only
devices is the same with the samples for SCLC measurements in the last section.
For the electron mobilities, 50nm of Al layer is used to block hole carriers, and the
structure of the electron-only device is ITO/Al/BHJ/LiF/Al. Figure 4.6 shows the
field dependent hole and electron mobilities of BHJ films with the DIO
concentrations of 0%, 1%, 4% and 10% in their casting solutions. The results
indicate that electron mobilities can be improved by increasing DIO
concentrations in the casting solutions. However, the hole mobilities are less DIO
dependent, and maintain in the range of 2-3× 10−4 cm2 V −1 s −1. For the BHJ film
without DIO treatment, the electron mobilities is in the order of 10-5 cm2 V −1 s−1 ,
and increases gradually with the applied electric field. When DIO is introduced,
the electron mobilities of the BHJ films increase rapidly. For the polymer-rich
device with 4 vol% DIO in process, which is the optimized recipe for the OPV
device fabrication, the electron mobilities are in the range of 1.6-3.2× 10−4
cm2 V −1 s −1 , and balance the hole mobilities in the BHJ films. The electron
mobilities can be further increased with the excessive DIO in solutions. For the
BHJ films with 10% DIO in the casting solution, the electron mobilities are close
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to the order 10−3 cm2 V −1 s −1. However, the performance of the polymer-rich
OPV device with 10% DIO cannot be further optimized, because of the limitation
of hole mobilities in BHJ films. Poole-Frenkel model can be used to describe the
field dependent carrier mobilities
𝜇(𝐹) = 𝜇0 exp(𝛽𝐹 1⁄2 )

(4.2)

where 𝛽 is the Poole-Frenkel (PF) slope determined by temperature, 𝜇0 is the
zero-field carrier mobility, and 𝐹 is the applied electric field.[4.17, 4.18] We can
observe that the electron mobilities have stronger field dependence than hole
mobilities, indicating that there are more trapping sites for the electron transport.
The morphology of the polymer-rich and control PTB7:PC71BM,
PCDTBT:PC71BM and PDTSTPD:PC71BM BHJ films are shown in Figure 4.7.
Smaller aggregations are formed in the polymer-rich BHJ films. For example, the
root mean square (RMS) roughness of the polymer-rich PTB7:PC71BM BHJ film
is about 0.96nm, whereas the RMS of the corresponding control film is 7.67nm.
This result indicates that the polymer-rich films with higher DIO concentrations
can improve the smoothness of BHJ films. The phase images show that the phase
differences in polymer-rich BHJ films are lower than these in the control films,
indicating that the PC71BM phase may have smaller modulus. The improved
smoothness of the polymer-rich BHJ films with the synergy of higher DIO
concentrations can increase the donor/acceptor interfaces and improve excitons
dissociation.

88

Figure 4.6

Field dependent hole and electron mobilities of the polymer-rich

PTB7:PC71BM BHJ films with the DIO concentrations of 0%, 1%, 4% and 10%
in their casting solutions from the AS measurements. The horizontal dashed line
indicates the hole mobility of a control device with a D:A ratio of 1:1.5.
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Figure 4.7

AFM morphology images (2μm ×2μm) for PTB7:PC71BM (a) and

(b); PCDTBT:PC71BM (c) and (d); and PDTSTPD:PC71BM (e) and (f). (a),(c),(d)
are the polymer-rich BHJ films, while (b),(d),(f) are the control BHJ films.
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The Gaussian disorder model (GDM) described in Chapter 2 can be used to
analyze the energetic disorders 𝜎 and high-temperature limit carrier mobilities
𝜇∞ .[4.19, 4.20] The relationship between the zero-field carrier mobilities and

temperatures can be expressed as
2𝜎 2
𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (
) ]
3𝑘𝑇

where 𝑘 is the Boltzmann constant. Figure 4.8 shows the plots of zero-field hole
and electron mobilities of the polymer-rich OPV devices with various DIO
concentrations against 1⁄𝑇 2 . The hole mobilities basically have no variation
when we modified the DIO concentrations. 𝜇∞,ℎ remain in the range of 2-3×10-2
cm2 V −1 s −1, and the energetic disorders are all around 80-82 meV. However,
electron transport parameters are strongly dependent on the DIO concentrations.
𝜇∞,𝑒 increase tremendously from around 1.5 × 10−3 cm2 V −1 s−1 in the BHJ
film without DIO treatments to 0.18 cm2 V −1 s−1 when 10 vol% DIO is used in
the casting solution. Figure 4.9 summarizes the carrier transport parameters
involving 𝜇∞ , 𝜇𝐹~105 𝑉/𝑐𝑚 , 𝜎, and the ratio of electron and hole mobilities of the
polymer-rich BHJ films with different DIO concentrations. The hole and electron
mobilities are roughly balanced when 4% DIO is added into the casting solution,
and in this condition, the optimized PCE 7.7% is obtained in the polymer-rich
OPV devices.
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Figure 4.8

Zero-field carrier mobilities of polymer-rich PTB7:PC71BM BHJ

films with various DIO concentrations in the processing solutions against 1⁄𝑇 2 .
The data were extracted from AS measurements between 244.7K and 339.3K.
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Figure 4.9

Summary of the carrier transport parameters of the polymer-rich

PTB7:PC71BM BHJ films with various DIO concentrations in the processing
solutions. (a) Mobilities at room temperature, (b) High temperature limited
mobilities, (c) Energetic disorders, (d) Ratio of electron-to-hole mobilities at room
temperature (F≈105 V/cm).
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4.3.5.

Limitations of Polymer-rich Strategy

We have demonstrated that, with enriched polymer contents, the BHJs of
PTB7, PCDTBT, and PDTSTPD can have enhanced PCEs. The enhanced
performances can be attributed to both improved absorbances and hole transports.
Improved hole transports are more relevant for those BHJs which employ
polymers with low hole mobilities. However, the strategy of making OPV cells
with higher polymer content is not necessarily beneficial. To demonstrate this
point, we chose the PTB7-Th:PC71BM bulk-heterojunction as an example. Hole
mobilities in this BHJ are known to be in the range of 10-3 to 10-2 cm2V-1s-1.[4.21]
We fabricated a control active layer with a D:A weight ratio of 1:1.5 (3 vol%
DIO). In addition, a polymer-rich device was made and re-optimized with a D:A
weight ratio of 1:1 (5 vol% DIO). Figure 4.10 compares the performances of the
PTB7-Th devices. The PCE of the polymer-rich PTB7-Th:PC71BM device is 8.5%,
with the Jsc and FF of 17.6 mA/cm2 and 59% respectively. However, the PCE of
the control PTB7-Th:PC71BM cell is 9%, with a better FF of 64% although the Jsc
is only 17.1 mA/cm2 and slightly lower than that of the polymer-rich cell. For
previous PTB7:PC71BM, PCDTBT:PC71BM and PDTSTPD:PC71BM BHJs, the
hole mobilities in typical active layers are relatively low (Table 4.1, last column)
and can be increased to be closer to the electron mobilities when we increase the
polymer content. Meanwhile, the optical absorptions can be also improved in
these polymer-rich active layers. However, for the PTB7-Th:PC71BM system, the
standard active layer already has a high hole mobility as close as the electron
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mobility. So a higher polymer content does not change the hole mobility (still high
and match with the electron mobility) although the optical absorption can be
improved (Figure 4.11). To check the hole mobilities in our BHJs, we fabricated
hole-only devices for the J-V measurements to further investigate that why the
polymer-rich approach is not applicable to the BHJ of PTB7-Th. The results are
shown in Figure 4.12. Both the control and polymer-rich devices have practically
overlapping data, especially in high field region. The zero-field hole mobilities of
PTB7-Th:PC71BM for both the polymer-rich and control devices derived from JV
do not show any significant changes and are around 9.8×10-4 cm2V-1s-1 and
1.0×10-3 cm2V-1s-1, respectively. The results for the BHJ of PTB7-Th support the
notion that the polymer BHJ with an enhanced content has a limitation. The
strategy can only be applied to BHJs with “small” hole mobilities. For BHJs with
hole mobilities lower than the electron mobilities, such as the BHJs of PTB7,
PCDTBT and PDTSTPD, the polymer-rich strategy yield OPV devices with
enhanced PCEs. On the other hand, for BHJs that already have high hole
mobilities that are comparable to electron mobilities, the polymer-rich approach is
not necessarily beneficial. Figure 4.13 is a summary of our key findings on the
four donor polymers.
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Figure 4.10

OPV performances of the optimized polymer-rich (circles) and

control (squares) PTB7-Th:PC71BM BHJ devices.
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Figure 4.11

UV-visible optical absorption spectra of the polymer-rich (circles)

and control (squares) PTB7-Th:PC71BM BHJ films.
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Figure

4.12

JV

data

of

the

polymer-rich

and

control

hole-only

PTB7-Th:PC71BM BHJ devices by SCLC measurements at room temperature.
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Figure 4.13

The summary of (a) PCEs of the optimized polymer-rich and

control OPV devices; (b) hole mobilities of the corresponding BHJ films.
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4.4.

Summary
In this Chapter, we re-optimize the polymer:fullerene OPV devices by

increasing the polymer contents and using more additive DIO in process of the
device fabrication. Four well-known polymer:fullerene systems are well studied,
involving the PTB7:PC71BM, PCDTBT:PC71BM, PDTSTPD:PC71BM and
PTB7-Th:PC71BM BHJs. For the first three systems which have relative low hole
mobilities (~ 10-6 to 10-4 cm2V-1s-1), the polymer-rich OPV devices achieve higher
PCEs and short-circuit currents. SCLC, AS and UV-visible absorption
measurements are performed to investigate the origins of the PCE improvements.
Hole mobilities are enhanced in the BHJ films with higher polymer contents, and
the electron mobilities are still balanced with the improved hole mobilities by
increasing the additive DIO concentrations in process. The UV-visible absorptions
of the polymer-rich BHJ films are also enhanced. We also examine the limitations
of the polymer-rich strategy. For the PTB7-Th:PC71BM BHJ with relative higher
hole mobilities of around ~10-3 cm2V-1s-1, there is no obvious improvement in the
carrier transport properties and OPV device performances.
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Appendix

BHJ

PTB7:
PC71BM

D:A

DIO

weight

concentration

ratio

(in vol%)

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

1:1.5

3

15.1

0.77

60

7.0

1:1

4

16.8

0.78

59

7.7

1:1

6

16.5

0.77

56

7.1

1:1

8

16.0

0.78

59

7.3

1:0.8

4.5

15.7

0.78

56

6.9

1:0.8

8

15.3

0.77

56

6.6

1:0.6

8

12.6

0.77

52

5.0

OPV parameters of the PTB7:PC71BM BHJ devices with various D:A ratios and
DIO concentrations.
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BHJ

PCDTBT:
PC71BM

D:A

DIO

weight

concentration

ratio

(in vol%)

1:4

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

0

10.6

0.90

61

5.9

1:3

0

10.9

0.88

61

5.9

1:2

0

10.8

0.88

60

5.7

1:.25

0

11.5

0.92

52

5.5

1:1.25

2

11.4

0.88

63

6.3

1:1.25

4

10.9

0.88

62

5.9

1:1

5

10.0

0.88

51

4.4

OPV parameters of the PCDTBT:PC71BM BHJ devices with various D:A ratios
and DIO concentrations.

BHJ

PDTST
PD:
PC71B
M

D:A

DIO

weight

concentration

ratio

(in vol%)

1:2

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

3

10.3

0.91

60

5.6

1:1.5

5

11.6

0.92

59

6.3

1:1

5

11.1

0.93

51

5.3

OPV parameters of the PDTSTPD:PC71BM BHJ devices with various D:A ratios
and DIO concentrations.
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Chapter 5
Thick-Film High-Performance Bulk-Heterojunction Solar Cells Retaining 90%
PCEs of the Optimized Thin Film Cells*

5.1. Introduction
For most of the optimized lab-based polymer:fullerene bulk-heterojunction
(BHJ) OPV devices, the thicknesses of the BHJ films are in the range of 100-200
nm.[5.1-5.3] However, because of the existence of pinholes, such BHJ thicknesses
are undesirable for practical applications, e.g. the blade coating and roll-to-roll
(R2R) technologies for the large-area organic film fabrication.[5.4] Therefore, the
thickness of BHJ films should be increased.[5.5] But increasing the thickness
opens up another problem: charge extraction becomes more difficult because of
enhanced recombinations. As a result, the FFs and PCEs of OPV devices drop
rapidly, when the thicknesses of their BHJ films increase gradually.[5.6-5.8] On
the other hand, thick-film OPV devices should improve optical absorptions.[5.9]
Thus, the hurdle of charge recombination must be overcome in order to realize
thick film OPV cells. Previous attempts mainly focused on new material synthesis
and OPV device engineering. Chen et al. synthesized a low band-gap donor
polymer FBT-TH4, and fabricated the thick-film (440nm) BHJ devices with the
best

PCE

of

6.53%.[5.10]

Gasparini

et

al.

designed

a

PBTZ-STAT-BDTT-8:PTB7-Th:PC71BM BHJ system, and obtained the highest

*

Part of this Chapter has appeared in Adv. Electron. Mater. 2017, 3, 201700007
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PCE of 11.03% in the 260nm BHJ OPV device.[5.11]
In this chapter, we demonstrate how to fabricate high performance thick-film
OPV devices by the addition of a ternary donor p-DTS(fbtth2)2. Three common
polymer:fullerene BHJ systems involving PTB7:PC71BM, PTB7-Th:PC71BM and
P3HT:PCBM are investigated, and the ternary thick film devices with
p-DTS(fbtth2)2 retain more than 90% PCEs of their optimized thin film binary
OPV devices. Hereinafter, p-DTS(fbtth2)2 is abbreviated as DTS. Figure 5.1
shows the chemical structures and energy levels of DTS, PTB7, PTB7-Th and
P3HT. The thicknesses of BHJ films in the optimized ternary thick-film OPV
devices double that of the standard thin film binary devices. For PTB7:PC71BM
BHJ cells, the FFs in binary OPV devices drop rapidly from 65% of the optimized
thin film (~100nm) cell to around 48% of the thick film (~200nm) cell. However,
in the ternary devices, the FFs are markedly improved, and still remain at ~60%
when the thicknesses of BHJ films are increased to 200nm. Two other families of
BHJ cells show similar behaviors. The ternary OPV devices with DTS possess
higher FFs and better PCEs in the thick film regions. Admittance spectroscopy
(AS) and photothermal deflection spectroscopy (PDS) are performed to reveal the
origins of the improvements in OPV performances. From temperature dependent
AS measurements, enhanced hole mobilities can be observed in the ternary
PTB7:PC71BM BHJ films, with the significant reduction of energetic disorders.
Meanwhile, PDS analysis indicates that the ternary BHJ films with DTS have
sharpened band tails, and reduced subgap absorptions. 1H nuclear magnetic
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resonance (1HNMR) is used to further investigate the interactions between
long-chain polymers and DTS molecules in BHJ films. The chemical shifts
indicate that DTS molecules interact with adjacent polymers and behave as the
conducting bridges. As a result, improve hole mobilities in ternary BHJ films.
Steady-state photoluminescence (PL) results further verify the existence of charge
transfers between DTS molecules and polymers.
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(a)

(b)

Figure 5.1

(a) Chemical structures of p-DTS(fBTTh2)2, PTB7, PTB7-Th and

P3HT; (b) the HOMO and LUMO levels of p-DTS(fBTTh2)2, PTB7, PTB7-Th,
P3HT PCBM and PC71BM.
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5.2. Experimental Details
All OPV devices have a structure of ITO/PEDOT:PSS/BHJ/LiF/Al. Polymer,
fullerene, and the ternary component DTS were mixed in the ambient air, and then
dissolved in chlorobenzene (CB) in the glove box. For the PTB7 and
PTB7-Th-based OPV devices, the thicknesses or the BHJ films were in the range
of 80~250nm. To spin-coat such films, the concentrations of the D:A solutions
varied from 8mg/mL to 20mg/mL, and the spin speed was 700-2000 RPM. The
thicknesses of the P3HT:PC71BM BHJ devices were thicker, ranging from 150nm
to 500nm. The concentrations of the P3HT:PC71BM solutions were 20mg/mL to
50mg/mL, with the spin speed of 700-1400 RPM. Longer time was used to dry the
thick film BHJ films after spin coating.
The solution samples for the 1HNMR measurements were prepared with the
DTS:polymer ratio of 1:1, and the control group was the pure DTS solutions in
deuterated chloroform (CDCl3). The overall material concentrations were
10mg/mL and 20mg/mL. The chemical shifts can be observed in the DTS:polymer
solution samples with various material concentrations.
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5.3. Results and Discussions

5.3.1. Ternary PTB7:DTS:PC71BM OPV Device Performances
We use PTB7:PC71BM BHJ as a model system to study the effects of the
ternary component DTS in the polymer:fullerene OPV devices. Binary
PTB7:PC71BM and ternary PTB7:DTS:PC71BM cells were fabricated with
different thicknesses of the BHJ films. The overall donor:acceptor (D:A) weight
ratio is fixed as 1:1.5, with 3 vol% DIO in the processing solution.[5.12, 5.13]
Figure 5.2 shows the thickness dependent OPV parameters of the binary
PTB7:PC71BM and ternary PTB7:DTS:PC71BM (0.95:0.05:1.5) BHJ devices. For
both groups, there are two PCE peaks at thicknesses of ~100nm and 200nm, and a
minimum at ~150nm, which are caused by optical interference. For the normal
BHJ thickness of ~100nm, both the binary and ternary devices show similar OPV
performances. The normal thickness binary PTB7:PC71BM device has a PCE of
7.8%, Jsc of 15.8mA/cm2, FF of 64% and Voc of 0.75V. The results are consistent
with those from the literatures.[5.14] The ternary BHJ devices have slight PCE
improvements in the same thin film region. The optimized thin film ternary
PTB7:DTS:PC71BM (0.95:0.05:1.5) device achieves a PCE of 8.1%, with an
enhanced Jsc of 16.8 mA/cm2 However, the ternary devices show distinct
enhancements of the OPV performance when the thicknesses of BHJ films are
increased. In the thick film region (~200nm), the PCE and the FF of the optimized
binary device drop rapidly to 6.3% and 48%, respectively. However, the
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optimized thick film ternary device can still maintain the PCE at 7.6%, with an
obvious improved FF of 59%. The performances of the optimized thick film
(~190nm) OPV devices with various DTS concentrations are shown in Figure 5.3.
The FF is enhanced gradually with increasing of DTS content. However, the Jsc
exhibits a gentle reduction. The Jsc of the ternary device with 15% DTS in weight
decreases to 15.2mA/cm2, from 16.8mA/cm2 of the control binary device. When 5%
DTS in weight is added, the PCEs of thick film ternary devices achieve a peak
value of 7.6%.
Three typical JV characteristics of the thick film OPV devices with the DTS
weight ratios of 0%, 5% and 15% are shown in Figure 5.4, and the detailed OPV
parameters are summarized in Table 5.1. The thick film ternary device with 5%
DTS in weight has the improved FF of 59% and PCE of 7.6% while control
binary device has a FF of 48% and PCE of only 6.3%. For the ternary device with
a high DTS weight ratio of 15%, the FF can be further improved to 62%. However,
the PCE decreases slightly to 7.2% due to the reduction of Jsc. Figure 5.5 shows
the external quantum efficiency (EQE) spectra of the corresponding OPV devices.
The ternary device with 15% DTS in weight shows an obvious EQE reduction in
the wavelength range of 500~750 nm. The UV-visible absorption spectra shown in
Figure 5.6 indicate the origins of this attenuation. In the PTB7:PC71BM, the
optical absorption is mainly contributed by PTB7. Addition of the ternary
component DTS at the expense of PTB7 weakens the optical absorption of the
ternary BHJ films.
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Figure 5.2

Thickness dependent OPV parameters of the control binary

PTB7:PC71BM devices and ternary PTB7:DTS:PC71BM (D:A weight ratio of
95:5:150) devices. (a) PCE; (b) FF; (c) Jsc; (d) Voc.
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Figure 5.3

OPV parameters of the optimized thick-film (~190nm) ternary OPV

devices with various DTS weight ratios.

BHJ

Binary

DTS

Thickness

Weight %

(nm)

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

0

175

17.2

0.74

48

6.3

Ternary

5

197

17.1

0.74

59

7.6

PTB7:DTS:PC71BM

15

185

15.8

0.74

62

7.2

PTB7:PC71BM

Table 5.1

OPV parameters of the control binary PTB7:PC71BM device and

ternary PTB7:DTS:PC71BM devices with the DTS weight ratios of 5% and 15%
respectively.
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Figure 5.4

JV curves of the thick film (~190nm) OPV devices with the DTS

weight ratios of 0%, 5% and 15%.
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Figure 5.5

EQE spectra of the thick film (~190nm) OPV devices with DTS

weight ratios of 0%, 5% and 15%.
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Figure 5.6

UV-visible spectra of thick film (~190nm) BHJ films with various

DTS concentrations.
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Atomic force microscopy (AFM) and grazing X-ray incidence diffraction
(GID) are performed to detect the morphological changes after adding DTS. From
the AFM images in Figure 5.7, there is no obvious height and phase change after
the adding DTS. The ternary component DTS films (up to 15% DTS in weight)
remain homogenous and amorphous. Similarly, the GID images of the BHJ films
with 0%, 5% and 15% DTS in weight shown in Figure 5.8 indicate that the
ternary BHJ films remain amorphous and the crystallization does not happen up to
15% DTS in weight.
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Figure 5.7

AFM images (a) height; (b) phase for PTB7:DTS:PC71BM BHJ

films with (ⅰ) 0%, (ⅱ) 5%, (ⅲ) 7% and (ⅳ) 15% of DTS.

Figure 5.8

GID images of PTB7:DTS:PC71BM BHJ films with various DTS

weight ratios.
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5.3.2. Hole Transport Analysis for Ternary PTB7:DTS:PC71BM BHJ Films
Admittance spectroscopy (AS) was performed to measure the carrier
transport properties of the binary and ternary BHJ films. The working mechanism
of the AS measurement is well studied.[5.15-5.17] Figure 5.9 shows the hole
mobilities of the BHJ films with the DTS weight ratios of 0% (binary), 5% and 15%
as a function of the applied electric fields at room temperature. For the control
binary BHJ film, the hole mobilities is around 1×10-4 cm2V-1s-1, and almost
independent with the applied electric field. The hole mobilities in the ternary BHJ
films show marked improvements. The ternary BHJ film with 15% DTS in weight
has the hole mobilities of around 2.7×10-4 cm2V-1s-1. The electron mobilities were
measured by SCLC technique. The 𝜇𝑒 of the BHJ films with 0%, 5% and 15%
DTS in weight are around 7.0×10-5 cm2V-1s-1, without significant changes after
the addition of DTS.
Temperatures dependent measurements were performed to further analyze
the hole transport properties of the BHJ films. From the Gaussian Disorder Model
(GDM), the zero-field carrier mobilities can be expressed as
2𝜎

2

𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (3𝑘𝑇) ]

(5.1)

where 𝜇∞ is the high temperature limited carrier mobility, 𝜎 is the energetic
disorder, 𝑘 is the Boltzmann constant, and 𝜇∞ is the y-intercept of the 𝜇0 plot
as a function of temperature.[5.18, 5.19] Figure 5.10 shows the temperature
dependent zero-field hole mobilities of the BHJ films with 0%, 5% and 15% DTS
in weight. The ternary BHJ films possess noticeable larger hole mobilities and
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smaller energetic disorders than the binary film at different temperatures.
Following the GDM from Equation 5.1, the energetic disorder σ of the
PTB7:PC71BM binary BHJ film was evaluated and found to be around 77 meV.
This value decreases to only 64 meV in the ternary BHJ films with 15% DTS in
weight, indicating that the energetic spreading of the HOMO is reduced. The
carrier transport parameters and the FFs of the corresponding OPV devices are
summarized in Figure 5.11. There is an clear correlation between the hole
mobilities and the FFs: higher hole mobilities of BHJ films give rise to better FFs
in the OPV devices. For the ternary BHJ film with 15% DTS in weight, which has
the largest hole mobilities of around 2.7×10-4 cm2V-1s-1, the corresponding thick
film OPV device achieves the highest FF of 62%. For the binary BHJ film, the FF
of the thick film device decreases to merely 48%.
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Figure 5.9

Hole mobilities of the binary and ternary BHJ films with various

DTS weight ratios vs applied electric field.
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Figure 5.10

Zero-field hole mobilities of binary and ternary BHJ films with

various DTS weight ratios as a function of 1⁄𝑇 2 .

122

Figure 5.11

Effects of DTS on the transport parameters of hole-only devices. (a)

Room temperature mobilities; (b) Energetic disorders. (c) FFs of the
corresponding thick film OPV devices.
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Besides an overall D:A of 1:1.5, we also investigate the transport properties
of the BHJ films with D:A ratios of 1:0 (pure donor films) and 1:3, while the
PTB7:DTS ratio is fixed as 95:5 in weight. Figure 5.12 shows the electric field
dependent hole mobilities of the binary and ternary BHJs with various D:A weight
ratios at room temperature. When fullerene is absent, there is no obvious
improvement of hole mobilities in the PTB7:DTS film as indicated in Figure 5.12.
Both the PTB7 and PTB7:DTS films have hole mobilities of around 4×10-4
cm2V-1s-1. However, when PC71BM is present, adding DTS improves hole
mobilities as indicated in Figure 5.12(b) and (c). This improvement becomes more
significant in the BHJ films with higher fullerene contents. Figure 5.12(c) shows
the electric field dependent hole mobilities of the 1:3 BHJ films. The hole
mobilities of the ternary BHJ film are around 1.2-1.8 ×10-4 cm2V-1s-1, whereas
for the binary film the hole mobilities are only around 6.0-7.8 ×10-5 cm2V-1s-1.
Table 5.2 summarizes the hole transport parameters of the binary and ternary BHJ
films with various D:A ratios, and the results indicate that the ternary component
DTS improves the hole transport properties in the polymer:fullerene BHJ films.
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Figure 5.12

Hole mobilities of the binary and ternary (5% DTS in weight) BHJ

films as a function of applied electric field. (a) 1:0; (b) 1:1.5; and (c) 1:3.
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D:A Weight Ratio

DTS Weight %

𝜇0,ℎ (cm2V-1s-1)

Improvements

1:0

0

3.9 × 10−4

N.A.

(no PC71BM)

5

3.9 × 10

−4

1:1.5

0

1.1 × 10−4

5

2.1 × 10

−4

0

3.0 × 10−5

N.A.

5

6.6 × 10−5

2.2

1:3

Table 5.2

1.0

N.A.
1.8

Zero field hole mobilities of the binary and ternary (5% DTS in

weight) BHJ films with the D:A ratios of (a) 1:0; (b) 1:1.5; and (c) 1:3.
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5.3.3.

Photothermal Deflection Spectroscopy (PDS) for Sub-Bandgap

Optical Absorptions
The sub-gap states of the binary and ternary BHJ films are measurement by
the photothermal deflection spectroscopy (PDS) technique.[5.20, 5.21] PDS is a
highly sensitive and well-established technique to measure the sub-gap absorption
states of semiconducting materials.[5.22] For organic disordered semiconductors,
the absorption coefficient α just below the band edge can be expressed by the
Urbach equation
ℎ𝜈−𝐸𝑔

α = 𝛼0 exp[

𝐸𝑢

]

(5.2)

where 𝜈 is the frequency of the incident photon, 𝐸𝑔 is the band-gap, 𝐸𝑢 is the
Urbach energy, ℎ is the Planck constant, and 𝛼0 is a constant specific to a given
material.[5.23] The inverse of 𝐸𝑢 can be interpreted as the slope of band tail of
localized states in the forbidden band. Figure 5.13 shows the sub-gap optical
absorption spectra of BHJ films (D:A ratio of 1:1.5) with 0%, 5% and 15% DTS
in weight. There are two distinct observations after the adding of DTS: (1) a slight
blue shift of the energy gap; and (2) a reduction of 𝐸𝑢 . The inset of Figure 5.13
shows the increase of the band gap slopes in the ternary BHJ films. The sub-gap
optical absorption below the forbidden band can be associated with “tailed states”,
which arise from disorders in organic semiconducting materials. Therefore, the
reduction of 𝐸𝑢 can be interpreted as that the disorders are smaller in the ternary
BHJ films. From the PDS spectra, the trap density of the BHJ films can be
evaluated using the optical sum rule[5.24]
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𝑁=

𝑐𝑛𝑚
2𝜋 2 ℏ𝑒 2

∫ 𝛼𝑒𝑥 (𝐸)𝑑𝐸

(5.3)

where c is the light speed, n is the refractive index, m is the mass of electron, ℏ is
the Plank constant, e is the elementary charge, and 𝛼𝑒𝑥 is the sub-gap absorption.
Table 5.3 summarized the Urbach energies, trap densities and the corresponding
FFs of their thick film OPV devices. Up to 15% DTS in weight, the trap densities
reduces gradually (4.25×1017 /cm3 to 2.46×1017/cm3), and show an inversely
proportional trend to the FFs (48% to 62%).

DTS Weight Ratio

PTB7:PC71BM

N.A.

54.6

4.25×1017

48

5%

49.9

4.09×1017

59

49.6

17

62

Ternary

Table 5.3

Urbach Energy (meV)

Trap Density (/cm3)

BHJ

15%

2.46×10

FF (%)

Summary of Urbach energies, trap densities and corresponding FFs of

PTB7:PC71BM binary BHJ film and PTB7:DTS:PC71BM ternary BHJ films with
the DTS weight ratios of 5% and 15%.
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Figure 5.13

Subgap optical absorption spectra from PDS measurements for

binary and ternary BHJ films with different DTS weight ratios. The insets show
linear fits to the band tail states. The slopes of the fits yield the Urbach energies.
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5.3.4.

1H Nuclear Magnetic Resonance (NMR) Measurements of

Supramolecular Interactions*
Based on AS and PDS measurements above, we put forward a model to
explain the mechanism of the ternary component DTS in the polymer:fullerene
BHJ films. We postulate that DTS molecules connect the polymer domains and
enhance hole mobilities in the ternary BHJ films. Figure 5.14 shows the
schematic diagram of the supramolecular interactions of the PTB7, PC71BM, and
the ternary component DTS molecules in the BHJ film. The red sticks are the DTS
molecules, the long chains are the PTB7 molecules, and the brown balls are the
PC71BM aggregates. To substantiate our postulate, we performed 1HNMR to
detect the supramolecular interactions in the ternary BHJ films. The chemical shift
δ can be expressed as[5.25]
δ=

𝛾−𝛾𝑟𝑒𝑓
𝛾𝑟𝑒𝑓

(5.4)

where γ is the observed NMR frequency, and 𝛾𝑟𝑒𝑓 is the resonant frequency of
the reference compound. Figure 5.15 shows the 1HNMR spectra of (a) DTS
solution (10mg/mL); (b) PTB7:DTS (1:1) solution (10mg/mL); and (c)
PTB7:DTS (1:1) solution (20mg/mL). The solvent to dissolve PTB7 and DTS
molecules is deuterated chloroform (CDCl3). From Figure 5.15, the sample
solutions mixed with PTB7 and DTS molecules (weight ratio of 1:1) show distinct
chemical shifts of the DTS aromatic protons. The stronger chemical shifts can be
observed in the PTB7:DTS solution samples with higher concentrations. The

*

The NMR results were acquired by fellow R.A. Jenner Ngai.
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1HNMR signals can be assigned to the corresponding DTS protons by comparing
with the reference 1HNMR spectra of the pure DTS solution.[5.26] In the
PTB7:DTS solution sample with the concentration of 10mg/mL [Figure 5.15(a)],
the strongest chemical shift is from proton 2 in 5-fluorobenzo[c][1,2,5]thiadiazole,
with the value of δ2shift = -0.131 ppm. However, the proton 1 and proton 6 have
relatively moderate chemical shifts in the PTB7:DTS solution. The chemical shifts
of DTS aromatic protons indicate that the strengths of interactions between PTB7
and DTS molecules. These interactions arise primarily from π-π interactions
between aromatic systems. The donor moiety thiophene and the acceptor moiety
5-fluorobenzo[c][1,2,5]thiadiazole in the DTS molecule may interact with the
acceptor moiety 3-fluorothieno[3,2-b]thiophene and the donor moiety BDT in the
PTB7 molecule. However, the alkyl chains of DTS molecules sterically hinder the
π-π

interactions

on

the

terminal

thiophene

ring

and

the

central

silolo[3,2-b:4,5-b’]dithiophene moiety. The 1HNMR spectra of DTS and
PTB7:DTS solution samples with various concentrations indicate that the effects
of DTS molecules in the polymer:fullerene BHJ films: the DTS molecules with
the symmetrical structure act as a bridge to link PTB7 molecules, and improve the
hole transport in the donor domains. The energy transfer between PTB7 and DTS
are confirmed by the steady state photoluminescence (PL) measurements. (Figure
5.16)
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Figure 5.14

A schematic diagram of the effects of DTS and the supramolecular

interactions of the PTB7 and DTS molecules in the ternary BHJ film.
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Figure 5.15

1NMR spectra of DTS and PTB7:DTS (1:1) in deuterated

chloroform (CDCl3): (a) DTS solution in 10mg/mL; (b) PTB7:DTS solution in
10mg/mL; and (c) PTB7:DTS solution in 20mg/mL.

Figure 5.16

Steady state PL spectra of PTB7 and PTB7:DTS (1:1) films.
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5.3.5.

PTB7-Th:DTS:PC71BM and P3HT:DTS:PCBM Ternary Devices

In this part, two well-known donor polymers PTB7-Th and P3HT are further
studied to test the potential generality of the ternary strategy to fabricate thick film
OPV devices. Figure 5.17 shows the thickness dependent OPV parameters of the
ternary polymer:DTS:PC71BM devices and their corresponding binary devices.
The ternary PTB7-Th and P3HT devices with DTS exhibit improved OPV
performance, especially in the thick BHJ film region. For the PTB7-Th system,
the optimized material weight ratio of PTB7-Th:DTS:PC71BM is 95:5:150. The
optimal thin film (~100nm) ternary device has a PCE of 9.2%, with a J sc of
17.3mA/cm2, which is slightly higher than the performance of the control binary
device (PCE of 8.7% and Jsc of 16.8mA/cm2). The improved performance of
ternary devices becomes more distinct in the thick film region. The optimal thick
film (~195nm) ternary OPV device has a PCE of 8.3%, whereas the control device
with the same thickness can only achieve a PCE of 7.4%. The FF is the key for the
PCE improvement. A respectable FF of around 60% is obtained when the
thickness of the BHJ films increase to 200nm. For the P3HT system, the
optimized material weight ratio of P3HT:DTS:PC71BM is 90:10:100. The thick
film (~400nm) ternary device achieves a PCE of 3.9%, whereas the PCE of the
control device drops to 3.2%. It is worth to note that the Jscs of P3HT ternary solar
cells continue to increase because of the complementary absorbances of P3HT and
DTS molecules. Figure 5.18 shows the EQE spectra of the optimal thick film
ternary OPV devices.
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Figure

5.17

Thickness

dependent

OPV

parameters

of

(a)

PTB7-Th:DTS:PC71BM and (b) P3HT:DTS:PCBM ternary devices and their
corresponding control binary devices.

Figure 5.18

EQE spectra of the optimized thick film binary and ternary

PTB7-Th and P3HT-based OPV devices.
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NMR measurements are also performed to investigate the supramolecular
interactions between PTB7-Th:DTS and P3HT:DTS molecules.. Figures 5.19 and
5.20 show the 1HNMR spectroscopy of the PTB7-Th:DTS, P3HT:DTS and pure
DTS

solutions

with

different

concentrations,

and

the

steady

state

photoluminescence (PL) spectra of their corresponding BHJ films. Comparing
with the pure DTS solution sample, all aromatic protons of the DTS molecule
show significant chemical shifts to the shielding region after the blending of
polymers, and the shifts become more distinct in the solution samples with higher
concentrations. Table 5.4 summarizes the chemical shifts of the aromatic protons
in the DTS molecule. The peaks of proton 2 in 5-fluorobenzo[c][1,2,5]thiadiazole
and proton 4 in thiophene have the greatest chemical shifts, and are consistent
with the 1HNMR spectroscopy of the PTB7:DTS solution sample. It is worth
noting that all proton peaks of PTB7-Th:DTS solutions broaden, indicating the
formation of alloys due to the strong supramolecular interactions. Also, the
significant fluorescence quenching can be observed in the polymer:DTS BHJ
films, and indicates that the energy transfers occur between polymers and DTS
molecules.
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Figure 5.19

The 1HNMR spectra showing the aromatic region of (a) DTS; (b)

DTS:PTB7 = 1:1 (10mg/mL); (c) DTS:PTB7 = 1:1 (20mg/mL); (d)
DTS:PTB7-Th = 1:1 (10mg/mL); (e) DTS:PTB7-Th = 1:1 (20mg/mL); (f)
DTS:P3HT-Th = 1:1 (10mg/mL); (g) DTS:P3HT-Th = 1:1 (10mg/mL).
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Figure 5.20

Steady state photoluminescence (PL) spectra of polymer and

polymer:DTS (1:1) films (a) PTB7-Th; (b) P3HT.
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Δδ1

Δδ3

Δδ2

Δδ4

Δδ5

Δδ6

DTS

0.000

0.000

0.000

0.000

0.000

0.000

DTS:PTB7 = 1:1 (10mg/mL)

-0.024

-0.044

-0.054

-0.048

-0.046

-0.043

DTS:PTB7 = 1:1 (20mg/mL)

-0.053

-0.100

-0.131

-0.108

-0.100

-0.088

DTS:PTB7-Th = 1:1 (10mg/mL)

-0.106

-0.173

-0.201

-0.175

-0.135

-0.184

DTS:PTB7-Th= 1:1 (20mg/mL)

-0.168

-0.257

-0.315

-0.270

-0.208

-0.284

DTS:P3HT = 1:1 (10mg/mL)

-0.028

-0.074

-0.110

-0.071

-0.055

-0.042

DTS:P3HT = 1:1 (20mg/mL)

-0.044

-0.116

-0.179

-0.115

-0.088

-0.066

System

Table 5.4

Average chemical shifts of the DTS aromatic protons in different

DTS:polymer blend systems.
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Summary
In this chapter, we use three well-known polymer:fullerene systems
involving PTB7:PC71BM, PTB7-Th:PC71BM and P3HT:PCBM BHJs to
demonstrate how to fabricate thick film OPV devices by the blending of a ternary
component p-(DTSfbtth2)2 (DTS in short). The thick film ternary devices achieve
better OPV performance primarily due to improvements in the fill factors. The
PTB7:DTS:PC71BM system is used as the model system to further analyze the
effects of the ternary component DTS in the polymer:fullerene BHJ films. AS and
PDS measurements are performed to test the carrier transport properties and the
sub-gap absorbance of the BHJ films. The ternary thin BHJ films possess
improved hole mobilities (by a factor of 2-3), and sharpened band tails. The
chemical shifts from the 1HNMR spectroscopy indicate that the DTS molecules
connect adjacent polymers as the bridge, and as a result, improve hole mobilities
in ternary BHJ films.
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Appendix
Basic Principle – Photothermal Deflection Spectroscopy (PDS)
The principle of PDS is based on mirage effect. A modulated and tunable
pump beam produces a periodic temperature rise in a fluid surrounding the
absorbing sample under investigation. The periodic temperature results in changes
of the refractive index of the fluid.
For organic semiconductors, absorption measurement can be performed to
probe the electronic band structure. The sub-bandgap absorption is due to
impurities and defects (surface state or dangling bond defects). The fundamental
absorption in a semiconductor refers to band-to-band transition where an electron
is excited by a photon from the valence band to the conduction band. The
absorption coefficient is proportional to the probability for an electronic transition
from an initial state 𝜓𝑖 to a final state 𝜓𝑓 with a probability proportional to
2

(|〈𝜓𝑓 |𝑯|〉𝜓𝑖 | ), where 𝑯 is the Hamiltonian operator. Without loss of generality,
the assumption that all the lower states are filled and all the upper states are empty
is considered for simplicity. The condition is valid for undoped semiconductors at
absolute zero. For organic semiconductors, the absorption coefficient α below
the band edge can be expressed by the Urbach equation
ℎ𝜈−𝐸𝑔

α = 𝛼0 exp[

𝐸𝑢

]

where 𝜈 is the frequency of the incident photon, 𝐸𝑔 is the band-gap, 𝐸𝑢 is the
Urbach energy, ℎ is the Planck constant, and 𝛼0 is a constant specific to a given
material.
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Chapter 6
Fill-Factor Optimized Bulk-Heterojunction Solar Cells Achieving Better
Device Stability

6.1 Introduction
The power conversion efficiency of an OPV device is controlled by its
short-circuit current density (Jsc), open-circuit voltage (Voc) and fill-factor (FF).
Thus obvious strategies have been identified to enhance these three
factors.[6.1-6.3] For example, many low bandgap polymers have been designed to
enhance absorptions in the near infrared and improve Jsc.[6.4, 6.5] High carrier
mobility materials have been designed to improve hole transport, reduce
recombination, and improve the FFs.[6.6] To improve Voc, new materials can be
designed with better matched energy levels to boost Voc.[6.7] In this chapter, we
take a special investigation on the FF and examine how its optimization leads to
devices with better device stability. Below, we first give a brief overview of
factors that influence the FF of an OPV device.
The mechanisms for the variations in FFs are not well understood. Many
factors may contribute.[6.8-6.11] Qi et al. demonstrated the relationship between
the FF and equivalent circuit parameters that are commonly used to model a
device. Figure 6.1 shows the diode model for an OPV device, including a series
resistance 𝑅𝑆 , a shunt resistance 𝑅𝑆ℎ and a diode.[6.12] A small 𝑅𝑆 and large
𝑅𝑆ℎ are needed to fulfill high FFs. From the perspective of the electrical
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properties in BHJ films, suitable carrier (hole and electron) mobilities are required
to obtain high FFs and PCEs of OPV devices.[6.13, 6.14] Proctor et al.
investigated that large hole and electron mobilities ( >10-4 cm2V-1s-1) are essential
to obtain high FF (>65%) OPV devices, instead of balanced but low (<10-5
cm2V-1s-1) carrier mobilities.[6.15] Bartelt et al. proposed for real applications
(FF~80%, PCE~15%, BHJ Thickness~300nm), the hole mobilities of donor
materials need to be further improved from the current level (10-5 to 10-3 cm2V-1s-1)
to more than 10-2 cm2V-1s-1.[6.16] In addition, studies for FF mechanisms from
various aspects are also reported. Examples include exciton generation and carrier
recombination, effects of BHJ film thicknesses, hole transporting layer (HTL)
modification, and organic/metal interface effects etc.[6.17-6.20]
In this Chapter, we use two well-studied system PTB7:PC71BM and
PTB7-Th:PC71BM as models to reveal the relationship between FFs and electric
field

dependent

carrier

mobilities.

For

both

the

PTB7:PC71BM

and

PTB7-Th:PC71BM BHJs, we discover that OPV devices with higher fullerene
contents exhibit better FFs when compared to the widely-used control devices
with the D:A ratio of [40:60]. An optimized FF of ~69% can be achieved in a
normal OPV device structure when the D:A ratio is [25:75]. To investigate the
improvement of FFs, we performed detailed transport measurements for the
PTB7:PC71BM BHJ films to probe the electrical field dependent carrier mobilities.
The results indicate that besides the balance of zero-field carrier mobilities, the
[25:75] device show balanced carrier mobilities throughout the whole IV-sweep
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region [0 ~ 280(V/cm)1/2], with the relatively moderate mobility order of ~ 10-4
cm2V-1s-1. Photothermal deflection spectroscopy (PDS) and fluorescence decay
measurements are performed to investigate the subgap optical absorptions and the
morphological changes in BHJ films with various D:A weight ratios. The results
suggest that PTB7 and fullerene domains are blended well in the [25:75] BHJ film,
and such a film has less sub-gap trap density than other D:A films. Furthermore,
the FF-optimized OPV devices show good thermal stabilities, comparing with the
control (PCE-optimized) devices. The FF of the [25:75] only drops mildly from
69% at room temperature to 59% after a post thermal annealing at 80oC. In
contrast, the FF of the control device decreases rapidly from 64% to only 41%. In
addition, the FF-optimized [25:75] devices possess longer device lifetime than the
PCE-optimized devices. OPV devices optimized by their FFs with higher
fullerene contents should be further considered for practical applications owing to
their distinguished thermal stability and elongated life time.
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Figure 6.1

Equivalent circuit of an organic solar cell. (Source: Wikipedia) The

cell is moduled by a light dependent constant current source IL in parallel with a
diode D, a shunt resistance RSH. These three objects together are in series with a
series resistance RS.
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6.2. Experimental Details
A conventional structure (ITO/PEDOT:PSS/BHJ/LiF/Al) was used to
fabricate the PTB7 and PTB7-Th OPV devices. The polymers and PC71BM were
mixed in the ambient air, and dissolved in chlorobenzene (CB) with 3 vol% DIO
in the glove box. The total material concentrations of the D:A solutions were fixed
at 25mg/mL. For example, the PTB7 concentration was 10mg/mL in the [40:60]
D:A solution. By tuning the spin speeds, the thicknesses of BHJ films were kept at
around 100nm, which is the thickness of the optimal PCE-optimized OPV device.
The prepared samples were heated up on a hot plate in the N2 filled glove box for
10 minutes in each step for the thermal stability test. The devices were
encapsulated to test the lifetime performance. The interval of the lifetime test was
48 hours, and the devices after encapsulation were put in the ambient air.
For PDS and fluorescence decay measurements, the BHJ films were spin
coated on quartz-based substrates with the same solutions which were used for the
OPV device fabrication. The BHJ thicknesses of the PDS and TRPL samples were
the same with the OPV devices of ~100nm.
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6.3. Results and Discussions

6.3.1.

Polymer:PC71BM OPV Devices with Various D:A Weight Ratios

To fully understand the relationship between the OPV device performance
and

the

donor:acceptor

(D:A)

ratios,

we

use

PTB7:PC71BM

and

PTB7-Th:PC71BM BHJ as the model systems, and fabricate solar cells with
various polymer and fullerene contents. Polymers and PC71BM were dissolved
together in chlorobenzene (CB) with 3 vol% DIO additive to form the casting
solutions. The OPV parameters of PTB7:PC71BM BHJ devices with various D:A
ratios under 100 mWcm-2 AM1.5G illumination are shown in Figure 6.2. For the
rest of this chapter, the relative content is represented with a notation [x:y] when x
and y are the weight % of the polymer and fullerene, respectively. For
PTB7:PC71BM, the [40:60] device has the best PCE of 7.9%, with the FF of 64%,
Jsc of 16.0mA/cm2, and Voc of 0.77V. However, peaks for the Jsc and the FF appear
at different D:A ratios. The [50:50] device has the maximum J sc value of 16.5
mA/cm2 (PCE of 7.2%, FF of 58%, and Voc of 0.78V). In contrast, the [25:75]
device has the miaximum FF of 69% (PCE of 7.0%, Jsc of 13.3mA/cm2, and Voc
of 0.75V). OPV devices with compositions of [40:60], [25:75] and [16:84] are
shown in Figure 6.3 (OPV parameters in Table 6.1 and EQE spectra in Figure
6.4).
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Figure 6.2

OPV parameters of PTB7:PC71BM devices with various D:A weight

ratios under 100 mWcm-2 AM1.5G illumination. Peaks occur at different positions
for: PCE in [40,60]; FF in [25:75]; and Jsc in [50:50]. The vertical solid lines are
guides to locate these peaks.
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Figure 6.3

The JV curves of [40:60], [25:75] and [16:84] PTB7:PC71BM

devices under 100 mWcm-2 AM1.5G illumination.

BHJ

PTB7:
PC71BM

Table 6.1

D:A
weight
ratio

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

[40:60]

16.0

0.76

62

7.7

[25:75]

13.3

0.75

69

7.0

[16:84]

6.3

0.75

61

2.9

Summary of OPV parameters for [40:60], [25:75] and [16:84]

PTB7:PC71BM OPV devices.
151

Figure 6.4

The EQE spectra of the [40:60], [25:75] and [16:84] PTB7:PC71BM

devices.

152

Similar behaviors can be also observed in the PTB7-Th:PC71BM system.
Figure 6.5 shows the OPV parameters of the PTB7-Th:PC71BM BHJ devices with
different D:A weight ratios. The [40:60] BHJ device achieves the highest PCE of
8.3%, with Jsc of 16.3mA/cm2, FF of 62% and Voc of 0.82V. For the fullerene-rich
[25:75] device, the FF can be optimized to 67% although the overall PCE
decreases slightly to around 8.1%, due to the loss of Jsc (14.9mA/cm2).
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Figure 6.5

OPV parameters of PTB7-Th:PC71BM devices with various D:A

weight ratios under 100 mWcm-2 AM1.5G illumination. The vertical dashed lines
are guides to locate these peaks.
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6.3.2. Carrier Transport Analysis for PTB7:PC71BM BHJ Films
Admittance spectroscopy (AS) measurements were performed to investigate
the electric field dependent carrier mobilities and their relationship with FFs of the
corresponding OPV devices. The detailed principle of AS measurement has been
well studied and established.[6.21] Figure 6.6 shows the hole and electron
mobilities of [40:60], [25:75] and [16:84] BHJ films against applied electric field.
The field dependent carrier mobilities can be described by the Poole-Frenkel (PF)
model
𝜇𝑒 (𝐹) = 𝜇0,𝑒 exp(𝛽𝑒 𝐹 1⁄2 )

(6.1)

where 𝜇0,𝑒 is the zero-field electron mobilities and 𝛽 is the associated PF
slope.[6.22] The [25:75] device has the most balanced carrier mobilities in the
whole IV sweep region [0 ~ 280(V/cm)1/2]. In both the Voc and Jsc conditions, hole
and electron mobilities match well. The 𝜇𝑒,0 , 𝜇ℎ,0 , 𝜇𝑒,𝐽𝑠𝑐 and 𝜇ℎ,𝐽𝑠𝑐 of the
[25:75] BHJ film are ~ 3.3×10-5, 5.0×10-4, 2.1×10-4 and 1.1×10-4 cm2V-1s-1
respectively. The balanced field dependent carrier mobilities lead to the high FFs
in the optimized OPV devices. The condition of transport properties reverses
when we further increase the fullerene content in BHJs. In the [16:84] BHJ film,
electron mobilities can be further improved to the order of 10-4 cm2V-1s-1 with a
smaller PF slope, whereas the hole mobilities do not match the electron mobilities,
dropping to 2-3 ×10-5 cm2V-1s-1. In this high fullerene content condition, the FF
of the [16:84] OPV device decreases to 61% (PCE of 2.9%, Jsc of 6.3mA/cm2, and
Voc of 0.75V) due to the unbalanced carrier mobilities. The reduction of the PCE
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is even more significant (2.9%) as fullerene has much weaker optical absorption
than the polymer.
Figure 6.7 shows the extrapolated ratios of 𝜇𝑒 /𝜇ℎ between 𝐹1/2 =0 to
280(V/cm)1/2 for the 3 BHJ samples. The plots are extracted from the
Poole-Frenkel fits to data in Figure 6.5. It can be clearly seen that the [25:75]
sample possesses the most balanced 𝜇𝑒 /𝜇ℎ ratios among the 3 samples. The
[40:60] sample has inferior electron mobility while the [16:84] sample has inferior
hole mobility.
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Figure 6.6

Applied electric field dependent carrier mobilities of the [40:60],

[25:75] and [16:84] PTB7:PC71BM BHJ films. The solid and dash lines are the
linear fittings of the Poole-Frenkel effects. The vertical dashed line locates the
field strength present in the short-circuit condition when the BHJ film has a
thickness of ~90nm. The electric field between 𝐹1/2 =0-280(V/cm)1/2 is device
relevant.
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Figure 6.7

Electron-hole mobility ratios of the [40:60], [25:75] and [16:84]

PTB7:PC71BM BHJ films vs electric fields. The ratios are extracted from the
linear fits to electron and hole mobilities from Figure 6.5. The range of electric
field shown roughly correspond to field range of a BHJ film under zero field
(open-circuit) and high field (short-circuit). The BHJ film is assumed to be ~90nm
thick with a Voc≈0.75V.
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To further investigate the detailed transport properties of the BHJ films with
various D:A ratios, we use the Gaussian Disorder Model (GDM) to analyze the
temperature dependent zero-field carrier mobilities. Three samples, namely,
[40:60], [25:75] and [16:84] BHJ films are under study. The relationship between
the zero-field carrier mobilities and the corresponding temperatures is given by
2𝜎

2

𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (3𝑘𝑇) ]

(6.2)

where 𝜇∞ is the carrier mobility when the T is large, and it can be extracted by
the y-intercept from the plot of 𝜇0 against 1/T2. 𝜎 is the energetic disorder, and
𝑘 is the Boltzmann constant. Figure 6.8 shows zero-field carrier mobilities of
BHJ films versus 1/T2.[6.23] Both hole and electron transport agree well with
Equation 6.2. For the electron transport, the energetic disorder decreases from
90.5meV to 68.6meV in the [16:84] BHJ film, and the 𝜇𝑒,∞ increases slightly
from 3.5×10-3 cm2V-1s-1 to 8.5×10-3 cm2V-1s-1. In contrast to electron, the [16:84]
BHJ film has the largest hole energetic disorder 𝜎ℎ of 107.7meV and 𝜇ℎ,∞ of
0.15 cm2V-1s-1, comparing with 80.4meV and 1.8×10-2 cm2V-1s-1 of the [40:60]
control BHJ film.
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Figure 6.8

The zero-field carrier mobilities (hole and electron) of of the [40:60],

[25:75] and [16:84] PTB7:PC71BM BHJ films as a function of 1/T2.
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Figure 6.9 shows the JV curve and plots of carrier mobilities against the
applied electrical fields of the [40:60] device with 6 vol% DIO in the casting
solution. The effects of DIO in solution are to disperse the fullerene aggregation
and increase the electron mobilities.[6.26] The zero-field hole and electron
mobilities now match well, and they are 2.3 ×10-4 and 3.2×10-4 cm2V-1s-1
respectively.(Figure 6.10) However, the corresponding OPV device only has a FF
of 61% (PCE of 7.5%, Jsc of 16.0mA/cm2), which is even lower than 64% of the
[40:60] control device (3 vol% DIO) with the non-balance zero-field carrier
mobilities. This result further confirms that the balanced carrier mobilities in the
whole IV-sweep region are essential for achieving high FF OPV devices.
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Figure 6.9

JV data of the [40:60] PTB7:PC71BM device with 6 vol% DIO in the

cast solution under 100 mWcm-2 AM1.5G illumination.
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Figure 6.10

Field dependent hole and electron mobilities of the [40:60]

PTB7:PC71BM BHJ films with 6 vol% DIO in the casting solution from the AS
measurements at room temperature.
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We presented above that balanced field-dependent carrier mobilities in BHJ
films mean to achieve high FFs and PCEs of the OPV devices. Two methods have
been described: D:A ratio modification and additive treatments. In this part, these
two methods are analyzed separately. Figure 6.11 shows the electrical field
dependent electron mobilities in PTB7:PC71BM BHJ films with various fullerene
contents (3 vol% DIO). For the [40:60] BHJ film, the electron mobility is highly
field dependent, with the PF slope β of 0.52. The electron mobilities show a
positive trend in BHJ films with higher fullerene contents, and the PF slope of 𝜇𝑒
versus applied electronic fields decrease gradually, until to around 0 in the [16:84]
BHJ film, indicating that the electron mobility is independent with the applied
electrical field in this D:A ratio. Besides the D:A ratio modification, the solvent
additive treatment can also effect the morphology and carrier transport properties
of BHJ films. Figure 6.12 shows the electrical field dependent electron mobilities
of [50:50] BHJ films with different DIO concentrations. Electron mobilities
increase gradually when more DIO is added into the casting solution. The BHJ
film with 4 vol% DIO in the processing solution has electron mobilities in the
range of 1.0 to 2.4×10-4 cm2V-1s-1 across the IV-sweep region, which is about one
order larger than 𝜇𝑒 in the BHJ film without the DIO treatment. However, there
is no obvious change of the PF slope. As a result, although the excess DIO can
increase electron mobilities, FFs of PTB7:PC71BM OPV devices with a fixed D:A
ratio cannot be improved further, because of the imbalanced field dependent
carrier mobilities, especially in the short-circuit conditions.
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Figure 6.11

Field dependent electron mobilities of the PTB7:PC71BM BHJ

films with various D:A weight ratios from the AS measurements at room
temperature.
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Figure 6.12

Field dependent electron mobilities of the [50:50] PTB7:PC71BM

BHJ films with various DIO concentrations in the casting solutions from the AS
measurements at room temperature.
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6.3.3.

Sub-Bandgap

Optical

Absorption

and

Fluorescence

Decay

Measurements for BHJ Films
Photothermal deflection spectroscopy (PDS) measurements were performed
to probe the trap states of the BHJ films.(Figure 6.13) In the sub-gap region
(E < 1.7eV), the [25:75] device has the lowest absorption coefficients indicating
that the [25:75] BHJ film has least amount of subgap traps. From the PDS spectra,
the trap density of the BHJ films can be obtained by the formula
𝑐𝑛𝑚

𝑁 = 2𝜋2 ℏ𝑒 2 ∫ 𝛼𝑒𝑥 (𝐸)𝑑𝐸

(6.4)

where c is the light speed, n is the refractive index, m is the mass of electron, ℏ is
the Planck constant, e is the elementary charge, and 𝛼𝑒𝑥 is the sub-gap
absorption.[6.27] The trap densities of [25:75] BHJ film is about 1.20×1018 /cm3,
when compared to 1.49×1018 /cm3 and 1.39×1018 /cm3 of the [40:60] and [16:84]
BHJ films.
The spatial distributions for the fluorescence decay of the PTB7:PC71BM
BHJ films with various D:A weight ratios are shown in Figure 6.14. The BHJ
films are excited by a laser with the wavelength of 410nm, and detected by a
710nm sensor. The results indicate that the generated excitons can stay on the
excited states longer in the BHJ films with lower D:A weight ratios, and PTB7
and fullerene domains are blended well in the [25:75] BHJ film.

167

Figure 6.13

Subgap optical absorption spectra from PDS measurements for

PTB7:PC71BM BHJ films with different D:A weight ratios.

Figure 6.14

Time-resolved fluorescence images of PTB7:PC71BM BHJ films

with different D:A weight ratios (3 vol% DIO).
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6.3.4. Stability Test for Fullerene-Rich PTB7:PC71BM OPV Devices
In practice, high-performance solar cells are required to work in relatively
tough environments with the exposure of heat, oxygen, moisture, light etc.
Because of these reasons, the stability of OPV devices under realistic
environments becomes one of the primary bottlenecks when we apply the
lab-made OPV solar cells into real PV systems. In this part, we study the potential
of the “fullerene-rich” strategy in real applications. Figure 6.15 shows OPV
parameters of the [40:60] and [25:75] OPV devices under post-annealing in
different temperatures. The [40:60] device is optimized by its initial PCE whereas
the [25:75] device is optimized by its initial FF. For each step, the two samples are
heated up on the hot plate in a N2 filled glove box for 10 minutes. The results
show that the fullerene-rich [25:75] device exhibits better thermal stability,
comparing with the control [40:60] device. Although the [40:60] device has a
better initial OPV performance of 7.9% at 25oC, its PCE drops to 6.2% at 60oC,
and falls below the [25:75] device beyond 60oC. As seen in Figure 6.15, the FF is
the main factor. The [25:75] device still maintains a FF of around 60% after
annealing at 80oC, whereas the FF of [40:60] device drops tremendously to only
41%.
The lifetimes of the [40:60] and [25:75] devices were also examined.
Devices were fabricated as before, but they were encapsulated with a glass cover
using epoxy. Because of the encapsulation, the initial PCEs of the [40:60] and
[25:75] OPV devices are 7.1% (FF of 63%, Jsc of 14.7mA/cm2 and Voc of 0.76V)
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and 6.2% (FF of 65%, Jsc of 12.5mA/cm2 and Voc of 0.75V) respectively. The
normalized lifetime stability of the [40:60] and [25:75] OPV devices are
summarized in Figure 6.16. The durability of the FF is again the main factor.
After 330 hours, the FF of the [25:75] OPV device still preserves 87% of the
initial FF, whereas the normalized FF of the control [40:60] device drops to 78%
of the initial value during the same period. Because of better stability, BHJ cells
optimized by FFs should have more practical applications than the BHJ cells
optimized by PCEs.
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Figure 6.15

OPV parameters of [40:60] and [25:75] devices after

post-annealing at different temperatures.
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Figure 6.16

Lifetimes of [40:60] and [25:75] PTB7:PC71BM BHJ devices. The

interval for each measurement is 48 hours.
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6.4. Summary
Most lab-based bulk-heterojunction (BHJ) solar cells are optimized by their
power conversion efficiencies (PCEs). In this chapter, we challenge this
conventional view by showing that BHJ cells using fullerene acceptors should be
optimized by their fill-factors (FFs). With the optimized-FF approach, BHJ cells
tend to have higher fullerene content when compared to the BHJ cells that are
optimized by PCEs. Two popular donor polymers (PTB7 and PTB7-Th) exhibit
optimized FFs exceeding 65% when blended with PC71BM. The FF-optimized
BHJ cells have slightly reduced PCEs (due to smaller Jscs) compared to the
PCE-optimized cells. Yet, FF-optimized cells enjoy a much better stability. For the
PCE-optimized PTB7:PC71BM BHJ cell with a donor:acceptor (D:A) ratio of
40:60, the FF and PCE drop rapidly from ~ 64% and 8.0%, respectively, to 41%
and 4.2% after annealing the BHJ cell to 80oC. In contrast, for the FF-optimized
BHJ counterpart, with a D:A weight ratio of 25:75, the FF and PCE drop mildly
from ~ 70% and 7.1%, respectively, to 59% and 4.9% after annealing to 80oC. The
fullerene-rich device also exhibits improved lifetime stability. After 330 hours, the
[25:75] OPV device preserves 87% of the initial FF, whereas the normalized FF of
the control [40:60] device drops to 78% of the initial value during the same period.
Detailed charge carrier transport measurements are taken to reveal the origin of
the enhanced FFs and stabilities of these fullerene-rich BHJs. We demonstrate that
these BHJs possess better-balanced electron-to-hole mobility ratios due to weakly
field-dependent electron mobilities. The improved mobility ratio suppresses the
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carrier recombination (especially the open-circuit conditions). The observations
are further substantiated by the subgap optical absorptions. Our results suggest
that BHJ cells optimized by their PCEs should be meta-stable, and other D:A
ratios should be considered for practical BHJ cell development.
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Appendix
To compare the measured field dependent mobilities to an operating OPV
device, we estimate the maximum electric field (in Jsc conditions) in an OPV
device as follows. The BHJ thickness of the optimized PTB7:PC71BM OPV
devices is about 95nm, and the Voc is 0.75V. As a result, maximum electric field
in an OPV device has a field strength of about is around 280 (V/cm)1/2. Form
Figure 6.5, we can see that the electron mobility is more sensitive with the applied
electric field than hole. The electron mobility increases significantly when the
fullerene content is increased, while there is a slight reduction in the hole mobility.
The zero-field carrier mobilities (in open-circuit conditions) 𝝁𝒆,𝟎 and 𝝁𝒉,𝟎 of
the [40:60] BHJ film differ by nearly one order and they are around 1.0×10-5
cm2V-1s-1 and 1.8×10-4 cm2V-1s-1, respectively. On the other hand, the carrier
mobilities in Jsc conditions (short-circuit) are closer to each other because of the
increased electron mobilities, and the values of 𝝁𝒆,𝑱𝒔𝒄 and 𝝁𝒉,𝑱𝒔𝒄 are around
1.0×10-4 and 1.8×10-4 cm2V-1s-1 respectively.
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Chapter 7
Conclusions and Outlook

This thesis presents the performances of binary and ternary organic bulk
heterojunction (BHJ) solar cells with alternative D:A weight ratios. The detailed
carrier transport properties and electronic interactions of BHJ films are well
studied to investigate the origins of performance improvements of organic
photovoltaic (OPV) devices
In Chapter 4, we re-optimize the polymer:fullerene OPV devices by
increasing the polymer contents with more solvent additive DIO in the processing
solutions. Four polymer:fullerene systems are well studied, involving the
PTB7:PC71BM, PCDTBT:PC71BM, PDTSTPD:PC71BM and PTB7-Th:PC71BM
BHJs. For the first three systems which have relative low hole mobilities (~ 10-6 to
10-4 cm2V-1s-1), the OPV devices with higher polymer contents (polymer-rich)
achieve better PCEs and Jscs. SCLC, AS and UV-visible absorption measurements
are performed to investigate the origins of the PCE improvements. In the
polymer-rich BHJ films, hole mobilities are improved, and electron mobilities are
still on par with the improved hole mobilities because of the increase of DIO
concentrations. The absorbances of the polymer-rich BHJ films are also enhanced.
However, for the PTB7-Th:PC71BM BHJs with relative higher hole mobilities
(~10-3 cm2V-1s-1), hole mobilities cannot be enhanced further although we increase
the polymer content, and there is no obvious improvement in the OPV device
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performance of the polymer-rich devices.
In Chapter 5, we use three polymer:fullerene BHJ systems involving
PTB7:PC71BM, PTB7-Th:PC71BM and P3HT:PCBM BHJs to demonstrate the
fabrication of thick film OPV devices by the blending of a ternary component
p-(DTSfbtth2)2 (DTS in abbreviation). The thick film ternary devices achieve
better OPV performances. FFs are the main improvements. To further investigate
the origins of the improved PCEs and FFs of the thick film ternary devices, we
use PTB7:DTS:PC71BM system as the model to further analyze the effects of the
ternary component DTS in the BHJ films. AS and PDS are performed to test the
charge carrier transport properties and the sub-bandgap optical absorptions of the
BHJ films. The results indicate that the ternary BHJ films obtain improved hole
mobilities by a factor of 2-3, and sharpened band tails. The chemical shifts from
the 1HNMR spectroscopy indicate that the DTS molecules conduct adjacent
polymers as the bridge, and as a result, improve hole mobilities in ternary BHJ
films.
Most lab-based organic BHJ solar cells are optimized by their PCEs. In
Chapter 6, we challenge this conventional view by showing that polymer:fullerene
BHJ devices should be optimized by their FFs. With the optimized-FF approach,
BHJ cells tend to have higher fullerene content when compared to the BHJ cells
that are optimized by PCEs. Higher FFs exceeding 65% are achieved in the
fullerene-rich OPV devices. Two popular polymer:fullerene systems are well
studied involving PTB7:PC71BM and PTB7-Th:PC71BM BHJs. The FF-optimized
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BHJ cells have slightly reduced PCEs (due to smaller Jscs) compared to the
PCE-optimized cells. Yet, FF-optimized cells enjoy a much better stability. We use
PTB7:PC71BM BHJ as the model system to test the thermal stability of OPV
devices with different D:A ratios. For the PCE-optimized cell with a
donor:acceptor (D:A) ratio of 40:60, the FF and PCE drop significantly from ~ 64%
and 8.0%, respectively, to 41% and 4.2% after annealing the BHJ cell to 80 oC. In
contrast, for the FF-optimized counterpart (D:A of 25:75), the FF and PCE drop
mildly from ~ 70% and 7.1%, respectively, to 59% and 4.9% after annealing to
80oC. Meanwhile, the fullerene-rich device also exhibits improved lifetime
stability. The detailed carrier mobilities are measured to reveal the origins of the
enhanced FFs and stabilities in the fullerene-rich BHJs. FF-optimized devices
possess highly-balanced electron-to-hole mobility ratios due to weakly
field-dependent electron mobilities. The improved mobility ratio suppresses the
carrier recombination (especially the Voc conditions). PDS is further performed to
substantiate the observations. The results indicate that BHJ devices optimized by
their PCEs should be meta-stable, and other D:A ratios should be considered for
practical BHJ cell development.
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During the course of this thesis work, several approaches were demonstrated
to further improve the OPV device performance and broaden the processing
window, and they are potential subjects of investigation in our lab.

[1] Non-fullerene electron acceptors in BHJ solar cells:
Although fullerene derivatives, such as PCBM and PC71BM, are still the
dominant acceptors in OPV devices, they suffer from intrinsic shortcomings e.g.
limited absorption, instability, and high cost. Therefore, novel acceptor materials
attract enough attentions.[7.1, 7.2] Recently, PCE of non-fullerene-based OPV
devices has already achieved over 13%.[7.3] Zhao et al. demonstrated a
PBDB-T-SF:IT-4F binary BHJ solar cell with impressive PCE of 13.1%. In this
case, the absorbance of electron acceptor IT-4F is enhanced, especially in the
wavelength region of 600-800nm. Meanwhile, non-fullerene-based OPV devices
also perform outstanding thermal stability.[7.4] Li et al. reported a spirobifluorene
and diketopyrrolopyrrole moieties based non-fullerene-based acceptor SF(DPPB)4,
and there is almost no PCE degradation of P3HT:SF(DPPB)4 BHJ solar cells after
thermal treatment at 150oC for different time.

[2] Ternary BHJ solar cells with a third functional component:
Nowadays, ternary BHJ solar cell attracts more and more attentions due to its
great potentials in OPV devices, such as enhancements in absorbance, carrier
transport and exciton dissociation.[7.5, 7.6] Zhang et al. reported a
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PTB7-Th:BTR:PC71BM ternary BHJ system.[7.7] In this case, the thick film
(~250nm) OPV devices are fabricated with an impressive PCE of 11.4%. The
ternary component BTR improves the morphology of the PTB7-Th:PC71BM
binary BHJ films, decreases π − π stacking distance, and enhances domain
purities. Therefore, excitons in such ternary films dissociate more efficiently, and
carrier mobilities can be improved in the thick film BHJ devices. By using the
ternary strategy, an unprecedented PCE of 12.1% has been achieved by Kumari et
al.[7.8]

[3] Study of new OPV materials with porphyrin-centered small molecules
Porphyrin-based OPV materials are robin round studied owing to their
accessibility for solution processing, and remarkable OPV performance.[7.9, 7.10]
Li et al. reported a solution-processed tandem solar cell with the BHJ film of
DR3TSBDT:DPPEZnP-TPO, with the optimized PCE of 12.5%.[7.11] A series of
new porphyrin-based small molecules that contain meso-thienyl-thioalkyl
substituted porphyrin central donor and 3-ethylrhodanine terminal acceptor are
designed and synthesized and employed them as donors for solution-processed
organic solar cells.
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