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Abstract
The development of nonfullerene organic solar cells (OSCs) has attracted
increasing interests because of the intrinsic advantages of nonfullerene acceptors,
including their high absorption capability over the long wavelength region, tunable
electronic properties, and excellent miscibility with polymer donors. Recently,
power conversion efficiency (PCE) of >15 % for single-junction nonfullerene OSCs
has been reported.
Apart from the rapid progresses made in the cell efficiency, significant
improvement in the stability of nonfullerene OSCs is required if the organic
photovoltaic technology is to become a viable option for commercialization. The
lifetime of OSCs is closely related to the intrinsic properties of the functional
photoactive materials, e.g., the acceptors with suitable energy levels, morphology
of bulk heterojunction (BHJ), formation of the active layer, interlayer engineering
and device configuration. However, the comprehensive study of the impacts of the
morphological properties and vertical phase separation in a BHJ on charge transport,
built-in potential, charge recombination processes, PCE as well as the lifetime of
nonfullerene OSCs has not been reported yet.
This work has been focused on unraveling the stability of highly efficient
OSCs using different nonfullerene acceptor/polymer blend systems, e.g., 3,9-bis(2methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis (4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC):poly[4,8bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene -2,6-diyl-alt-(4ii

(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)](PTB7Th), ITIC:poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl) -benzo [1,2-b:4,5b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)

benzo[1’,2’-

c:4’, 5’-c’] dithiophene-4,8-dione)] (PBDB-T), and 3,9-bis(2-methylene-((3-(1,1dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis

(4-hexylphenyl)-

dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene(IT-4F):poly[(2,6-(4,8
-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt
-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene
-4,8-dione)] (PBDB-T-2F). The lifetime of the nonfullerene OSCs has been
analyzed systematically using a combination of morphology, photoelectron
spectroscopy, light intensity-dependent current density–voltage measurements,
transient photocurrent and aging studies.
The effects of built-in potential (V0), charge extraction, and bimolecular
recombination processes on the performance and stability of nonfullerene OSCs
with regular and reverse configurations were studied. The results reveal that PTB7Th:ITIC based OSCs with a reverse configuration are more favorable for efficient
operation, due to the advantages of: (1) enhancement of charge collection by
avoiding the holes passing through acceptor-rich region, which would otherwise
occur in an OSC with a regular configuration, and (2) suppression of bimolecular
recombination enabled by a higher V0. It shows that the PTB7-Th:ITIC based OSCs
with a reverse configuration possess a slow degradation process, and >29% increase
in PCE (8%) as compared to that of an optimized control OSC (6.1%).
iii

We found that a gradual decrease in V0 and hence the performance
deterioration in the regular configuration PBDB-T:ITIC OSCs are caused mainly
by the interfacial reaction between nonfullerene acceptor (ITIC) and poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) hole transporting
layer (HTL). The reduction in V0, due to the unavoidable interfacial reaction
between ITIC and PEDOT:PSS at the BHJ/HTL interface in the OSCs, can be
overcome through interfacial engineering, , e.g., introducing a thin molybdenum
oxide (MoO3) passivation layer.
The effect of the HTL on stability of PBDB-T:IT-4F based OSCs has been
analyzed using different HTLs, e.g., a pristine PEDOT:PSS layer, a MoO3-doped
PEDOT:PSS layer and a pure MoO3 layer. It shows that MoO3-induced oxidation
doping of PEDOT:PSS favors the stable and efficient operation of nonfullerene
OSCs. The results suggest that a stable and high V0 across the BHJ is a prerequisite
for attaining high efficiency nonfullerene OSCs with long-term stability.

iv
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Chapter 1: Introduction
1.1 Background and Motivation
The worldwide energy consumption has increased substantially along with the
rapid technological development and economic growth. The world primary energy
consumption reported in 2018 is shown in Figure 1.1.1 The amounts of oil and
biofuels, natural gas, and coal used before 1964 are estimated based on the carbon
dioxide emissions. The details of world energy consumption and its composition
for the period from 1965 to 2017 were reported by British Petroleum (BP) company.
The energy consumption in following decades until 2050 is projected. It is clearly
that our energy needs will grow constantly to 20000 million tons in 2050. Fossil
fuels, including oil, biofuels, natural gas and coal, are the dominant sources of
energy. Their consumption is predicted to reach a peak at 12500 million tons in
2030. The heavy reliance on the fossil fuel energy has resulted in serious air
pollution in some areas and obvious greenhouse effect in the world. Hence, the
development of the green energy technologies is a prerequisite for addressing the
environmental challenges we face today.
Different alternative energy technologies have been developed recently,
including nuclear energy and some renewable energies such as hydropower,
geothermal, biomass, wind, and solar energy. Among these clean energies, nuclear
energy is one of the clean energy sources. However, the nuclear power is not a
renewable energy source facing disposal of the nuclear wastes and nuclear pollution.
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Hydropower, a green and sustainable energy, is the most commonly used renewable
energy now. But the limited suitable reservoirs and the environmental consequences
it may cause impede its future development. Wind energy is not convenient to be
widely used to some extent because of the intermission and the requirement of more
space, and it is not economic and practicable to construct the wind turbines to meet
the energy demand in some nations with high population density. As for the
geothermal energy, it is not workable to build a heat capture system underground in
cities where the infrastructures have already been set up.

Figure 1.1. World Primary Energy Consumption, 1950-2050 (from British
Petroleum).
Obviously, it is quite convenient to utilize solar energy, since the solar energy
can be harvested from sunlight directly. If the solar energy providing to the Earth
for one hour is fully utilized, the total captured solar energy could support the world
for one year. However, only 0.001 percent of the solar energy can be harvested now.
The usage of solar energy is flexible, since it could be applied not only in large2

scale electricity generation, but also in small-sized electrical devices. There are
several ways to exploit solar energy, including photovoltaic (PV), solar thermal
energy and so on.2
The emerging solar cells, also called PV cells, can absorb sunlight and then
generate electricity by PV effect. The research of solar cells might trace back to
19th century. In 1839, the photovoltaic effect was first observed by French scientist
Alexander-Edmond Becquerel.3 During an experiment with two metal electrodes in
contact with an electrolyte solution, he found that a flowing current was generated
when light was absorbed by the halide vapor modified electrode.4 In 1954, Bell
Laboratories discovered that silicon (Si) is a suitable material for application in
solar cells. The first practical Si solar cell, based on a single p-n junction, had a
power conversion efficiency (PCE) of 6%, which was a challenge to the
performance of a typical gasoline engine at the time.
Currently, remarkable progress has been made in PCE of inorganic solar cells,
e.g., multijunction solar cells (46.0%), single junction GaAs (30.5%), crystalline
silicon cells (27.6%), which are plotted in Figure 1.2. Although inorganic solar cells
have received a great success in the past few decades, there is still a large room for
the development of high performing solar cells through solution fabrication
processes for commercial application at a low cost. Si-based solar cells are costly
to produce, heavy and fragile. A variety of technologies focusing on thin films have
been explored to reduce production costs of PVs recently. In a typical example,
perovskite solar cells, which have been researched in recent decade, have achieved
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very significant improvement in PCE (24.2%), although they suffer from poor
stability and the presence of lead (Pb) as a toxic component. Organic photovoltaic
(OPV) is another promising technology, showing its prospects with expected low
production costs and solution fabrication processes. In addition, they are
lightweight, translucent and highly flexible, having a potential to be widely applied
in covering windows, decoration and even in clothing.

Figure 1.2. Best research-cell efficiencies of different types of solar cells (from
NREL).

1.2 Advances in Organic Solar Cells
The development of organic solar cells (OSCs) began in the late 1950s. At that
time, photoconductivity in some organic semiconductor cells (anthracene,
chlorophyll) were measured with voltage of 1 V by some research groups.5 The
photoconductivity was observed when

a single-junction cell, comprising an
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organic layer sandwiched with a low-work function (WF) metal (aluminum, Al) and
a conductive glass of high WF (indium tin oxide, ITO), was illuminated. With this
interesting result, less cost efficiency of these organic semiconductor cells and a
possibility of doping these materials to achieve more encouraging results have
attracted many researchers in this field.

Figure 1.3. Schematic cross-sectional views of (a) single-layer, (b) bi-layer and (c)
bulk-heterojunction OSC.

In the late 70’s, Shirakawa, MacDiarmid and Heeger discovered conductive πconjugated polymers.6 The delocalized π-electrons in polymer contributes to its
semi-conductive properties. In 1975, an OSC based on a single-layer configuration,
as shown in Figure 1.3 (a), was fabricated by Tang and Albrecht. The
microcrystalline chlorophyll-a film was sandwiched between two metal electrodes,
reaching an efficiency of 10-3%.7 In single-layer cells, the photovoltaic
characteristics are heavily dependent on the differences in WF of anode and cathode
as well as the Schottky-type potential barrier at organic/electrode contacts. Besides,
a low fill factor (FF) was achieved because of the large series resistance (RS) caused
by insulating property of organic layer or the field-dependent charge generation.
5

After a decade, the PCE of OSC was improved to around 1% by Tang in 1986 by
applying a bi-layer donor/acceptor (D/A) configuration in devices, as shown in
Figure 1.3 (b). It was reported that the D/A interface of organic layer, rather than
organic/metal contacts, is relatively important to cell performance.8 The FF of OSC
also favored an improvement, reaching 0.65, since the charge generation efficiency
did not depend on applied voltage. However, the conversion efficiency of bi-layer
OSC was still limited by the low carrier collection efficiency. Photo-generated
excitons far from D/A heterojunction likely recombine before arriving at D/A
interface. A significant achievement was made by Yu, Heeger and co-workers in
1995. Enhanced performance was realized by introducing a bulk-heterojunction
(BHJ) in the OSCs, as illustrated in Figure 1.3 (c). The semiconducting polymer
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene

vinylene)

(MEH-PPV)

blended with fullerene acceptor C60 was adopted as the organic active layer in OSCs,
showing a charge collection efficiency (𝜂𝑐𝑐 ) of 29% and a PCE of 2.9%.9 The
efficient 𝜂𝑐𝑐 was mainly due to the reduce recombination losses in a network of
internal D/A heterojunctions. In BHJ OSCs, the D/A contact interface was enlarged,
suppressing excitons recombination losses, promoting an efficient exciton
dissociation and thereby enhancing cell performance.
The steady progresses were made with solution-processed BHJ OSCs in the
following years, achieving OSCs with PCE 3%. Although their manufacturing
methods are low cost and simple, these relatively low efficiency values are still the
main bottleneck in the development of the organic technology industry. Many
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efforts have been made to advance the basic understanding of organic devices and
to improve their photovoltaic performance.10–19,20–28 Therefore, OSCs based on
blends of polymer and fullerene acceptors have enjoyed a dramatically
development during the past decade. Many organic donor and acceptor materials
have been reported for use in OSCs. The new polymer donor materials exhibit a
remarkable flexibility in tuning the material properties such as molecular weight,
light absorption and energy band gap for new device concepts.29–33,34–41 The PCE
of 11.7% for fullerene-based OSCs has been reported.42 However, fullerene
acceptors still have some limitations for further improvement in cell performance,
such as weak absorption in the visible light spectrum, limited energy level tuning,
challenging purification process and instable morphology of the polymer/fullerene
blend layers. Hence, the development of nonfullerene acceptor materials, e.g.,
fused-ring electron acceptor of 3,9-bis(2-methylene-(3-(1,1- dicyanomethylene)indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-sindaceno[1,2-b:5,6-b’]dithiophene (ITIC)43 and 3,9-bis(2-methylene- ((3-(1,1dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F)44, have been
studied used as an acceptor in OSCs, because of their intrinsic advantages of tunable
lower lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energy levels, electronic properties, good absorption
capability over the long wavelength range, excellent miscibility with polymer
donors, and solution-fabrication capability towards large area low-cost flexible
7

OSCs. Currently, efficient nonfullerene OSCs with PCE of >15% have been
demonstrated.45,46,47 Apart from the progresses made with the single-junction OSCs,
ternary nonfullerene OSCs with a PCE of over 14%,48 and tandem nonfullerene
OSCs with a PCE of over 17.3% have also been reported recently.49
Apart from the exciting progresses made in the high-PCE OSCs, the stability
of the OSCs is another important challenge for eventual commercialization. There
are three criteria which are necessary if organic solar cell is applied for large-scale
PV application: efficiency, lifetime and cost. Compared to the encouraging
progresses made in the high-efficiency fullerene OSCs, the stability of the fullerenefree OSCs has not yet met the requirement for commercialization. Currently, much
research effort has been done to improve the understanding of the stable operation
of OSCs.50 For instance, Kyaw, Heeger and coworkers51 fabricated a PC70BMbased OSC with conventional configuration, the efficiency of this device decreased
from 6.17% to 0.37% after exposing to ambient air for 4 h without any
encapsulation. While the PCE of OSCs with reverse structure (without any
encapsulation) remained around 88% of its starting value after 168-hour exposure
to ambient air and persevered over 70% of its starting value after 15-day exposure
to ambient air. Besides, it was found that OSCs based on polymer donors facilitate
a more stable operation than that based on small molecular donors. Guerrero and
coworkers52 tested the stability of OSCs comprising a layer configuration of
ITO/Electron extraction layer (EEL)/P3HT:PC61BM/Hole extraction layer
(HEL)/Ag for one year in the glove box under dark conditions. They found that the
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PCE of OSCs degraded to half of its original value in the first 1000 h and then
remained constant during a period of 1-year aging time. It was proved that the
formation of localized donor–acceptor P3HT•+-PCBM•- is one of reasons for device
degradation, which may suppress photocurrent and decrease open circuit voltage
(VOC) by creating electronic defect states. Krebs and Spanggaard53 tested the OSCs
with continuous illumination at the light intensity of 100 mW/cm2 and the
temperature of 72 °C. After a 13000-hour aging test, the device retained only 2% of
its initial performance, remaining a challenge for achieving a long operational
stability.
The stability of nonfullerene OSCs is closely associated with the choice of the
functional materials. For instance, the energy level of acceptors and donors may
have an effect on the shelf lifetime of OSCs.54 A relatively high lying LUMO level
in nonfullerene acceptor helps to suppress energy losses and result in a large VOC in
corresponding devices, while a deep HOMO level may favor efficient charge
transfer between nonfullerene acceptor and donor. Kang and coworkers observed
that OSCs with a high LUMO level and a deep HOMO level acceptor performed
more efficiently and favored an improved shelf-lifetime, remaining over 93% of its
original efficiency after 30-day storage with no obvious decrease in FF and VOC.54
It was reported that OSCs based on nonfullerene/polymer donor based BHJ
possessed a much higher efficiency,44,55,56 however, the fundamental understanding
of the effects of morphology and vertical stratification of BHJ on charge transfer,
power conversion efficiency and the stability of nonfullerene OSCs have not yet
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been systemically studied.. This research aimed to study the stability of highperforming nonfullerene OSCs based on different nonfullerene/polymer blend
systems,

e.g.,

poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-

b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno [3,4-b]thiophene-)-2carboxylate-2-6-diyl)]

(PTB7-Th):ITIC,

ethylhexyl)thiophen-2-yl)-benzo

poly[(2,6-(4,8-bis(5-(2-

[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-

thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,

5’-c’]dithiophene-4,8-dione)]

(PBDB-T): ITIC, and poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b’]

dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-

ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDB-T-2F): IT-4F.
The device configuration also plays an important role in determining the
efficiency and stability of OSCs.51 OSCs can be formed using a regular
configuration and an inverted structure. A stack of organic functional materials is
sandwiched between a pair of anode and cathode. For regular OSCs, the front
transparent conducting oxide (TCO) acts as the anode, and rear metal with a low
WF, such as Ag, and Al, is used as the cathode. For inverted devices, the metal
electrode is regarded as the anode while transparent electrode is the cathode. The
incident light comes from transparent electrode side for both regular and inverted
OSCs. The photo-generated electrons and holes in the organic BHJ are drifted
towards the cathode and anode under an effective internal electric field (Eeff), which
depends on the external bias (Va) and the built-in potential (V0) in the cell. In
addition to the materials, the processes of exciton generation, exciton dissociation,
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carrier transport, charge recombination, charge collection, and thereby the PCE and
stability of OSCs are also dependent on the configuration of the cells. To date, the
high-performing nonfullerene OSCs with inverted device architecture are typically
adopted, e.g., having a polymer donor:ITIC acceptor BHJ sandwiched between a
front transparent cathode and a rear anode.56 However, their advantages on
suppression of bimolecular recombination and enhancement of charge extraction,
which underpin the optimal cell performance and operational stability of the
inverted non-fullerene OSCs, have not yet been studied systemically..
The use of the appropriate interlayer in OSCs is also very important to the
stable operation of OSCs.50 The insertion of buffer layer not only enhances the
charge collection in devices, but also eliminate the unfavorable interfacial exciton
dissociation.10,12,15 HEL is used to extract holes to anode while EEL is used to
enhance travel of electrons to cathode. They are the interlayers between active layer
and electrodes. Applying an appropriate interlayer in OSCs may enhance the
performance of devices as well as improve the lifetime of OSCs. The interlayer can
help the metal electrode form an ohmic contact with the active layer and also protect
the active layer from the penetration of metal electrode which may cause more
exciton or charge carrier recombination losses during the operation of the cells.57
The buffer layer can also prevent the encroachment of oxygen and moisture to the
active layer.58 However, the effects of interlayer on the charge recombination
processes, deterioration in V0, PCE and stability of nonfullerene OSCs have not
been fully understood yet.
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This thesis mainly focuses on studying the stability of the high-efficient
nonfullerene OSCs. The influence of space-charge buildup, built-in potential across
BHJ, charge extraction and bimolecular recombination processes, and interfacial
reaction between interlayer and active layer on the performance of nonfullerene
OSCs with regular and reverse structures were studied. The charge transport
properties in BHJ were investigated using space-charge-limited current (SCLC)
measurement. The effects of V0, charge extraction and bimolecular recombination
processes on the stability of the nonfullerene OSCs with regular and reverse
configurations were analyzed by using a combination of the transient photocurrent
(TPC) measurement, photocurrent (Jph)–effective voltage (Veff) characteristics and
light intensity-dependent current density–voltage (J−V) characteristics. The impact
of HEL on the stability of regular nonfullerene OSCs was studied by introducing or
doping an interfacial passivation layer, e.g., a thin molybdenum oxide (MoO3) layer.
X-ray photoelectron spectroscopy (XPS) were measured to analyze the D/A vertical
phase separation in nonfullerene-based BHJ. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) and atomic force microscope (AFM) techniques were used to
investigate the change in morphological properties of the active layer as a function
of the aging time. Raman spectroscopy technique was used to study the passivation
effect of the metal oxide layer.

1.3 Thesis Objectives
1. To identify the process parameters for the morphology control of
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polymer/nonfullerene acceptor blend layer formed on the surfaces of the
hole/electron extraction layers.
2. To investigate the effects of the morphology and vertical phase separation of a
BHJ on charge transport and recombination properties in nonfullerene OSCs.
3. To unravel the origin of efficient operation of nonfullerene OSCs and develop
approaches to suppress bimolecular recombination and stability of
nonfullerene OSCs.

1.4 Organization of This Thesis
This thesis has seven chapters. Chapter 1 discusses the background and
motivation of developing high performing OSCs. An overview on recent progresses
made in OSCs is presented, highlighting the advantages and challenges of OSCs.
The objectives of this research work are also presented in this chapter. The physics
of OSCs are discussed in Chapter 2, including the fundamentals of organic
semiconductors, work principles of OSCs, and the emerging nonfullerene OSCs.
The details of experiments are described in Chapter 3. This includes the
synthesis of solution-processed charge extraction layers, preparation of BHJ layer
and device fabrication, cell characteristics using different techniques including J–V
characteristics, incident photo-to-electron conversion efficiency (IPCE), Jph–Veff
characteristics, light intensity-dependent J − V characteristics, XPS, TPC
measurement, GIWAXS as well as Raman spectroscopy measurements.
The discussion on the stability of efficient inverted PTB7-Th:ITIC based
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nonfullerene OSCs is presented in Chapter 4. The studies of PTB7-Th:ITIC based
nonfullerene OSCs with regular and inverted configurations are discussed. By
studying the buildup of space charges, vertical phase separation in PTB7-Th:ITIC
blend layer, charge collection and recombination, the stability of PTB7-Th:ITIC
based OSCs with regular and inverted configuration are analyzed.
The results of the stability of PBDB-T:ITIC based OSCs are presented in
Chapter 5. The performance of PBDB-T:ITIC-based OSCs has been analyzed using
J–V characteristics and IPCE measurements. Vertical stratification of BHJ,
interfacial reaction between interlayer and active layer, and effects of V0 on the
stability of OSCs are discussed in Chapter 5.
Chapter 6 discusses the stability of high-performing OSCs, made with PBDBT-2F:IT-4F blend system. The effects of solution-processed MoO3-doped poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) HEL on stability of
PBDB-T-2F:IT-4F based OSCs is discussed in Chapter 6. The changes in vertical
phase separation of BHJ during the aging test are analyzed using GIWAXS and XPS
measurements. The enhanced performance of PBDB-T-2F:IT-4F-based OSCs is
also discussed in this chapter.
The outcomes of the research work are summarized in Chapter 7, including
the unraveling of degradation in nonfullerene OSCs, solutions to improve cell
efficiency and lifetime, suppression of bimolecular recombination, enhancement of
charge extraction probability. The suggestions and the follow-up work for realizing
high-performing nonfullerene OSCs are also included in this chapter.
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Chapter 2: Physics of Organic Solar Cells
2.1 Fundamentals of Organic Semiconductors
Organic semiconductors are π-bonded small molecules or polymers composed
of carbon, hydrogen atoms and heteroatoms including nitrogen, sulfur and oxygen,
exhibiting optical and electronic properties. Small molecules are the organic
compounds with a molecular weight that is less than 900 daltons, they are around 1
nanometer in size. Polymers are large molecules composed of many repeat subunits.
π-conjugated polymers are widely used as the donor materials in OSCs, while small
molecules such as fullerene, nonfullerene and their derivatives are used as the
acceptor materials. The molecular structures of π-conjugated polymer donors,
fullerene acceptors and nonfullerene acceptors which have common application in
OSCs are presented in Figure 2.1, 2.2 and 2.3,

Figure 2.1. Molecular structures of typical polymer donor in OSCs.
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respectively. Two features determine the property of organic semiconductors. On
the one hand, molecular orbitals in organic semiconductors are at energy levels
capable of redox processes and photoexcitation. On the other hand, the subunits
hosting these orbitals are quite close so that charges could be transferred between
them. Organic semiconductors become conductive when voltage, electromagnetic
radiation or heat is applied, otherwise they are insulative.

Figure 2.2. Molecular structures of small molecule acceptor in OSCs.

Figure 2.3. Molecular structures of (a) ITIC, (b) IT-4F, (c) Y6 and (d) COi8DFIC
nonfullerene acceptors.
16

In organic semiconductors, charge transport plays an important role in the
property of materials. The principle of charge transport in organic semiconductors
is discussed here. Take (C2H2)n (polyacetylene) as an example, carbon-carbon
bonds constitute the backbone of polymers. The outermost electron orbital of one
carbon atom in the carbon-carbon bond comprises three sp2 hybrid orbitals and one
pz orbital as shown in Figure 2.4, and each orbital have one electron. A sp2 orbital
of each carbon atoms overlaps with 1s orbital of one hydrogen atoms and forms σbonds (sp2-s). Other two sp2 orbitals of one carbon atom form two σ-bonds (sp2-sp2)
with two adjacent carbon atoms. Thus, the remaining one pure pz orbital of one
carbon atom overlaps sideways with the corresponding pz orbital of other carbon
atom and form one π-bond. Two bonds are present between carbon and carbon (one
π-bond and one σ-bond). The π-bond formed by the remaining pz orbital increases
the delocalization of electrons. When these conjugated molecules are bound into a
solid, the overlap of their delocalized π-electron systems make an improvement to
the conductivity.59–61

Figure 2.4. Schematic diagram illustrating formation of π-bond and σ-bond in
organic semiconductors.
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Figure 2.5. (a) Energy band diagram of the inorganic semiconductor; (b) energy
level diagram of the organic semiconductor.

Energy level diagram of organic semiconductors is presented in Figure 2.5 (b),
the energy band diagram of inorganic semiconductor is also plotted in Figure 2.5
(a) for comparison.59 Atoms in inorganic semiconductors are connected by covalent
bonds and follow band theory. There is an occupied valence band (VB) and an
unoccupied conduction band (CB) in inorganic semiconductors. The energy
differences between CB and VB is so called energy band gap (Eg). The electrons
will be excited, jump the Eg and transfer from VB to CB. In organic semiconductors,
the occupied and unoccupied orbitals are not so close to each other. Holes transport
in the HOMO which is produced by an overlap between π-orbitals, while electrons
transport in the LUMO which is formed by an overlap between the anti-bond πorbitals (π*). Similarly to inorganic semiconductors, the energy required to excite
electrons from HOMO to LUMO is called Eg in organic semiconductors.
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2.2 Work Principles of Organic Solar Cells
This section describes the work principles of OSCs from three aspects: the
device structures and material choices, absorption enhancement, energy conversion
process, charge transport and extraction for attaining high-efficiency OSCs.

2.2.1 Device Structure and Material Choices
The typical device configuration is illustrated in Figure 2.6. A BHJ layer is
sandwiched between metal cathode and TCO anode. Transparent conducting oxides,
applied as the front electrodes, have a visible light transparency of more than 80%
and a conductivity of > 103 S/cm. To date, indium tin oxide (ITO) is regarded as the
industry standard in TCOs, it has a low resistivity of ~10−4 Ω·cm and a visible light
transparency of greater than 80%. 100-200 nm thick ITO front electrode, deposited
glass or transparent flexible substrates, has been widely used in OSCs. The
application of other TCOs such as fluorine-doped tin oxide (FTO) or zinc oxide
(FZO), aluminum-doped zinc oxide (AZO), and indium gallium zinc oxide (IGZO)
have been also reported for use in OSCs.17,62,63 These transparent conducting oxides
have a wide Eg with an energy value that is greater than photon energy of the visible
light, photons with energy below the Eg value will not be absorbed by these TCOs.
Thus, visible light will pass through the TCO electrode and be absorbed by
functional layers. TCO electrodes with a high transparency over the visible light
wavelength range are desired for efficient utilization of the solar spectrum. Low19

WF metal materials such as Al, and Ag rear electrode are widely used in OSCs.
When an active BHJ layer is sandwiched between an anode/cathode pair, a potential
difference across the BHJ is created, assisting in the photo-generated charges to
drift towards the respective electrodes. The HEL and EEL are used to help
enhancing the charge collection probability at the organic/anode and
organic/cathode interfaces in OSCs.

Figure 2.6. Schematic cross-sectional view of an OSC.

Generally, there are two structures applied in the single-junction OSCs: regular
or inverted device configuration as shown in Figure 2.7. To date, ITO is one of the
most popular TCO materials applied in OSCs. It acts as the anode in conventional
OSCs but may serve as the cathode in OSCs with a reverse configuration. The TCO
anode in the regular and TCO cathode in the inverted OSCs are exposed to the
incident light. WF of the ITO can be modified using different interlayers for
collecting charges efficiently at the anode/BHJ or cathode/BHJ contacts in devices.
For regular OSCs, the most popular HEL material is PEDOT:PSS which is usually
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spin-coated on the top of ITO. However, PEDOT:PSS has an acidic property which
may cause damage to ITO, which is one of the reasons affecting the operational
stability of the regular configuration OSCs. In inverted OSCs, a thermally
evaporated MoO3 layer (~2nm) works as a HEL rather than acidic PEDOT:PSS,
which prolongs the efficiently operational lifetime of OSCs. The solution-processed
zinc oxide (ZnO) often serves as EEL in organic solar cells.

Figure 2.7. Schematic cross-sectional views of OSCs with (a) regular and (b)
inverted configuration.

A polymer/fullerene acceptor BHJ has been widely adopted for making highefficiency OSCs, the use of the BHJ enlarges the contact interface of D/A and
benefits the dissociation of excitons. The molecular structures of some commonly
used conjugated polymers are presented in Figure 2.1. At the early stage, poly(pphenylene vinylene) (PPV) and their derivatives MEH-PPV, and poly[2-methoxy5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) were popular
donor materials used in OSCs. After that, poly(3-hexylthiophene-2,5-diyl) (P3HT)
has been widely used. Most recently, poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,221

b:4,5-b’)dithiophene)-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB-7), PTB7-Th as well as PBDB-T have
been reported, making an obvious improvement in PCE of OSCs. Meanwhile, ntype acceptor materials have made a significant progress recently. Small molecule
acceptors such as perylene, fullerene (C60), fullerene-C70 and their derivatives
[6,6]-phenyl C61 butyric acid methyl ester (PC61BM), [6,6]-phenyl C71 butyric
acid methyl ester (PC71BM) have attracted much attention with improved solubility
for devices fabrication. The molecular structures of the fullerene acceptor materials
are shown in Figure 2.2.

However, the weak absorption in the long wavelength

range, limited electronic property tuning capability and expensive purification
processes are some of the limiting factors the fullerene-based OSCs face today. The
development of nonfullerene acceptor materials has attracted increasing attention.
To date, ITIC, IT-4F, Y6 and COi8DFIC are the most popular nonfullerene acceptor
materials, contributing to the high efficiency OSCs, e.g., with PCE of > 15% for
single junction cells and over 17% for tandem cells. The molecular structures of
some commonly used nonfullerene acceptors are shown in Figure 2.3.

2.2.2 Energy Conversion Processes
The energy conversion processes in OSCs including light absorption, exciton
generation, exciton dissociation, charge transport, and charge extraction processes
in OSCs are discussed in the following sections. The schematic energy diagram of
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an OSC, comprising the functional materials of TCO anode, p-type donor, n-type
acceptor and metal cathode is shown in Figure 2.8.
i. Light absorption and exciton generation
The photons with energy larger than the Eg of the functional mateials, e.g., an
energy difference between LUMO and HOMO of the active layer, are absorbed to
generate photo-generated excitons. The photo-generated excitons in organic
semiconductors do not directly lead to free charge carriers due to the strong
coulombic interaction between the negative and positive charge centers or the
localized electrons and holes. The binding energy of photo-generated excitons in
organic materials is typically in a range of 200-500 meV, which is much higher than
that of the excitons in Si semiconductor, due to the high dielectric constant in the
organic semiconductors. The mismatch between the photon energy absorption band
of the photoactive materials, light reflection at each layer of OSCs and the excitons
recombination in active layer are the main losses.
ii. Exciton diffusion
The photo-excited charge carriers are generated due to the dissociation of the
excitons at the D/A interface in BHJ. A key condition for an effective OSC is that
excitons can be dissociated effectively within their diffusion length of the order of
15 nm. Exciton quenching and recombination due to radiation and non-radiative
decays are some of the loss processes that should be suppressed for achieving
efficient OSCs. The excitons must be able to diffuse and reach the D/A interface
during their lifetime. However, there is a mismatch between the absorption depth
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and charge transport scale in organic semiconductors. Thus, the thickness of active
layer should be optimized taking consideration of both absorption enhancement and
efficient charge transport for efficient operation of the OSCs.
iii. Charge separation
The diagram as plotted in Figure 2.8 presents what happens after excitons
arrive at the D/A interface. Suppose that the exciton is formed within the donor.
After excitons reach D/A interface, they enter into charge transfer states (CTs)
where electrons are transferred from donor’s LUMO to acceptor’s LUMO while
holes remain in the donor's HOMO. The free electrons and holes are generated
following the dissociation of the CTs. The efficiency of charge separation is also
closely related to charge recombination, one of the losses in photovoltaic
conversion that should be minimized or suppressed. It is desirable to maximize the
rate of charge transfer and charge separation while minimizing the rate of charge
recombination.
iv. Charge transport
The photo-generated electrons and holes must drift along with the internal
electric field efficiently towards the respective electrodes for collection. The faster
rate the electrons and holes diffuse at, the higher their separation efficiency will be.
An effective internal electric field is built across the BHJ due to the potential
difference between the anode and the cathode. Under this electric field, holes will
move to the anode and electrons will reach the cathode. The barrier between anode
and the HOMO of donor as well as the ohmic contact between cathode and the
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LUMO of the acceptor helps electrodes collect free charge carriers. The main
energy losses in this process are the charge recombination loss at the electrode
interface or caused by the poor charge mobility.

Figure 2.8. Energy conversion processes in OSCs.

2.2.3 Electrical and Optical Characteristics
J–V characteristics
J–V characteristics are basic characteristics for OSCs, reflecting the overall optical
and electrical properties of OSCs. Generally, the J–V characteristics of an OSC in
the dark and under illumination are measured for analyzing its photovoltaic
properties. A calibrated solar simulator with a Power density of 100 mW/cm2, also
known as air mass (AM) 1.5 calibrated one Sun condition, is used in the J–V
characteristic measurements. Air mass value describes the relation between the path
of light and the shortest way through the atmosphere, determining the total solar
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incident power under clear conditions. The AM coefficient can be calculated by
Equation 2.1:

𝐿

1

AM = 𝐿 ≈ cos 𝜃.
0

(2.1)

Where L is the optical parth length; L0 is the path length vertical to the Earth's
surface; θ is the solar radiation incident angle relative to L0. AM 1.5 G (global
specturm) corresponding to a solar zenith angle of 48.2ºhas been widely used to
characterize ground power-generation panels.

Figure 2.9. J–V characteristics of an OSC.

The typical J–V characteristics of an OSC are plotted in Figure 2.9. The red
line is measured in dark, and the blue curve is measured under AM 1.5 G
illumination of 100 mW/cm2 using a SAN-EI Electric XEC-301S solar simulator,
attached to the N2-purged glove box. Under dark condition, OSCs exhibit diodelike characteristics, no current can be observed unless the device is operated at an
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external forward bias. Photocurrent can be generated when the device is under
illumination. The short circuit current density (JSC) is the maximum photocurrent
density that can be generated in an OSC, under shirt circuit current condition. The
photocurrent density decreases with the external load or increase in the forward bias.
When the current density decreases to zero, the device is in an open circuit state,
the corresponding external voltage is the open circuit voltage (VOC). The output
power density can be calculated by the product of the voltage and current density
measured at the corresponding voltage. There is a maximum output power density
(𝑃𝑚𝑎𝑥 ) point on the J–V curve, as shown in Figure 2.9. The ratio of 𝑃𝑚𝑎𝑥 to the
power density of incident solar irradiation (𝑃𝑖𝑛 ) defines the PCE of devices, as
expressed in Equation 2.2. There are some factors affecting the PCE, such as
incident light intensity, solar spectrum and the device temperature.

𝑃𝐶𝐸 (𝜂) =

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

.

(2.2)

Fill factor (FF) is another important parameter for OSCs. It can be calculated by
Equation 2.3.
𝑃

∙

𝐹𝐹 = 𝑉 𝑚𝑎𝑥
.
∙𝐽

(2.3)

𝑂𝐶 𝑆𝐶

Combine Equation 2.2 and 2.3, PCE also can be expressed as:
𝑃𝐶𝐸 (𝜂) =

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛
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=

𝑉𝑂𝐶 ∙𝐽𝑆𝐶 ∙𝐹𝐹
𝑃𝑖𝑛

.

(2.4)

Since 𝑃𝑖𝑛 is a constant, FF, JSC and VOC directly determine PCE of an OSC.

IPCE measurement
Photon-to-electron conversion efficiency (IPCE), also known as external
quantum efficiency (EQE), is another fundamental measurement to characterize the
performance of OSCs. It measures how efficiently a device converts incident light
into electrical energy at different wavelengths and can measure the collected
electrons per incident photon at a given wavelength. as shown in Equation 2.5:

𝜂

𝐸𝑄𝐸 = 𝜂 𝑒 =
𝑝ℎ

𝐼𝑆𝐶 ∙ℎ𝑐
𝑃𝜆𝑒

.

(2.5)

Where P, c and λ is the power, velocity and wavelength of incident light,
respectively; h is the Planck’s constant, and e is charge of an electron. P shown in
the Equation 2.5 is not a constant. On the one hand, different light sources are used
in different labs. On the other hand, external environment factors and preheat time
might also result that the same light source generate light in different intensities.
Thus, at a given IPCE spectrum, if a calibrated Si standard solar cell is measured:

𝑃=

𝐼𝑆𝐶 (𝑆𝑖)∙ℎ𝑐
𝐸𝑄𝐸𝑆𝑖 𝜆𝑒

.

EQE of an OSC can be expressed by combing Equation 2.6 with 2.5:
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(2.6)

𝜂

𝐸𝑄𝐸 = 𝜂 𝑒 =
𝑝ℎ

𝐼𝑆𝐶 ∙𝐸𝑄𝐸𝑆𝑖
.
𝐼𝑆𝐶 (𝑆𝑖)

(2.7)

A typical EQE spectrum of a device is presented in Figure 2.10. The total number
of charge carriers produced by the device under illumination can be represented by
the area below the spectrum. The electrical current density will be calculated by the
integration of the curve, which is so called the calibrated JSC from IPCE
measurement.

Figure 2.10. IPCE spectrum of an OSC.
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Chapter 3: Experimental
This chapter discusses device fabrication, processes and measurement
techniques, such as formulation of functional materials, device fabrication
optimization, and device characterization. The operation mechanisms of the major
experimental facilities used in this research are also presented.

3.1 Material Preparation and Device Fabrication
Glove box, vacuum chamber systems and spin coater were used for material
preparation and device fabrication. As shown in Figure 3.1, the glove box was
purged with high purity nitrogen, including a circulatory system, a solvent
absorbing system and a gas purifier system. The pressure inside the glove box can
be adjusted by inflating and deflating, which controlled by the circulatory system.
The gas purifier and solvent absorbing systems were used to maintain the O2 and
H2O level inside the glove box below 0.1 parts per million (ppm). It provided an
inert atmosphere for spin coating, electrode deposition, encapsulation of devices. A
multi-chamber system was connected to glove box through an anti-chamber,
consisting of sample preparation chamber, thermal evaporation chamber and
sputtering chamber. The transmission rod was used to transfer samples from glove
box to multi-chamber system, avoiding exposure to ambient atmosphere. A spin
coater and an encapsulation system were installed in the glove box.
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Figure 3.1. The glove box and multi-chamber system.

3.1.1 Solution-processable Charge Extraction Layers
Synthesis of solution-processed ZnO nanoparticles
The synthesis of solution processable ZnO nanoparticles was described in a
previous work.17 Zinc acetate dehydrate (ZnAc2H2O) and potassium hydroxide
(KOH) from Sigma-Aldrich, were purchased to synthesize ZnO nanoparticles as
received. The synthesis method of ZnO nanoparticles followed the report of
Hermann-Jens.64 780 mg ZnAc2H2O and 390 mg KOH powders were weighted
inside the glove box and put in a three-necked bottle and a beaker, respectively.
They were then transferred out of the nitrogen-filled box to be dissolved in
methanol solvent. ZnAc·2H2O powder was dissolved in 50 ml methanol, forming
ZnAc2H2O solution. While KOH powder was dissolved in 28 ml methanol and
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then transferred to a dropping funnel. ZnAc2H2O solution and KOH solutions
reacted by slowly dropping KOH solution into the ZnAc2H2O solution. The whole
reaction was kept at a stable temperature (65 °C) using a water bath in the fume
hood. It lasted about 3 hours and finished when the solution turned milk white. ZnO
nanoparticles deposited at the bottom of the bottle after the solution had been
standing for 3 hours. The sediment ZnO nanoparticles were purified by methanol
and finally dissolved in methanol forming 0.01 mol/L ZnO solution. A ZnO layer
was then deposited on the active layer or the ITO surface by spin coating method
without annealing.

Synthesis of solution-processed MoO3
The synthesis of solution-processed MoO3 followed a previous work.65 The
molybdenum (Mo) powder (Sigma-Aldrich) were used as received. 100 mg Mo
powder was weighted in the glove box and then put in a 20 ml transparent bottle.
10 ml ethanol was poured into the bottle and dissolves Mo power. Then the solution
was stirred in air for around 10 minutes. After that, 0.35 ml hydrogen peroxide
(H2O2) was slowly dripped into Mo solution. Since the reaction between Mo and
H2O2 released amount of heat, the reaction vessel was put in the ice. It took around
20 hours to form MoO3 nanoparticle. The solution color gradually changed from
greyish to grass green and then to dark blue MoO3 nanoparticle solution with the
concentration of around 0.1 mol/L. Before it was used as the HTL layer in OSCs, it
was diluted 15 times with isopropyl alcohol (IPA) solvent.
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3.1.2 Bulk Heterojunction
PTB7-Th (from 1 Material), PBDB-T, PBDB-TF, IT-4F and ITIC (from
Solarmer) were used as received. For PTB7-Th:ITIC-based OSCs, the optimal
weight ratio of PTB7-Th to ITIC of 1:1.3 was used, the weighted materials were
fully dissolved in chlorobenzene (CB) with a concentration of 25 mg/ml and stirred
overnight at 60 °C before using. For PBDB-T:ITIC-based OSCs, the binary blend
PBDB-T:ITIC solution was formulated by dissolving the PBDB-T:ITIC mixture in
the optimal weight ratio of ITIC to PBDB-T of 1:1 in CB solution and stirred at
50 °C to improve the miscibility. 0.5% 1,8-diiodooctane (DIO) additive was then
mixed with the PBDB-T:ITIC solution for cell fabrication. The concentration of
PBDB-T:ITIC solution was 20 mg/ml. For PBDB-TF:IT-4F blend system, the
optimal weight ratio of PBDB-TF to IT-4F of 1:1 was used, CB together with 0.5%
DIO was used to form a solution with a concentration of 20 mg/ml. The solution
was annealed at 25 °C and stirred at least three hours before use. All the organic
solutions were prepared in the glove box and kept in the semitransparent brown
bottles for thin film deposition.

3.1.3 Device Fabrication
ITO/glass substrates with a sheet resistance of about 10 Ω/square were placed
in a glass bowl and cleaned by ultrasonication (Figure 3.2 (a)) sequentially with

33

dilute detergent solution, deionized water, acetone, and IPA for 30 minutes each
prior to device fabrication. The dilute detergent solution was used to remove the
large grained particles and lipid contamination. The deionized water was utilized to
remove the residual detergent. Then deionized water was replaced by organic
solvent acetone to dissolve non-polar contamination on the substrates. IPA was used
to remove the residual acetone. Finally, the glass bowl together with ITO/glass
substrates were put into an oven to and dried at 100℃.

Figure 3.2. (a) ultrasonication, (b) UV-ozone and (c) spin coater used in this
research.

Prior to the deposition of HTL such as PEDOT:PSS in regular OSCs, ITO
substrates were sent to the Ultraviolet (UV)-ozone cleaner (Figure 3.2 (b)) for UVozone treatment. UV lamp irradiated light at two different wavelengths (185 and
254 nm) which were crucial to chemical reaction. The UV light irradiated at a
wavelength of 185 nm decomposes O2 into a triplet atomic oxygen O(3P). O(3P)
combined with O2 and produced ozone O3. The 254-nm ultraviolet light
decomposed O3 into O2 and singlet atomic oxygen O(1D). The substrate surface
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reacted with O(1D) due to its strong oxidation ability. The wettability of the surface
on ITO substrates could be improved and resulted in a uniform and sooth
PEDOT:PSS film which were deposited on the top of ITO.
Spin-coating technique had been widely used in OSC fabrication processes
due to its advantages film formation, such as producing a uniform film quickly and
easily with a thickness widely ranging from nanometer to micrometer. Most of
functional layers in the lab such as PEDOT:PSS, solution-processed MoO3, ZnO
and active layer were formed by spin-coating method. But unlike the ZnO and
organic active layer, PEDOT:PSS, solution-processed MoO3 and MoO3-doped
PEDOT:PSS films were formed in the air rather than in the glove box. The spincoater in the lab is shown in Figure 3.2 (c). The substrates were sucked by vacuum
pump as they were put on the center of spin plate. A definite amount of solution was
dripped and covered the surface of substrates before the substrates were rotated at
a speed setting manually. The solution then spread by centrifugal force. There was
an acceleration before the spin plate reached the setting rotation speed. The
acceleration value as well as the rotation time of spin plate was adjusted. The
concentration of solutions, rotation speed and rotation time mainly contributed the
film thickness.
The top metal electrodes and the MoO3 generally used as the HTL in OSCs
with inverted configuration were formed through thermal evaporation in the
vacuum chamber. For OSCs with inverted configuration, samples were transmitted
to thermal evaporation chamber for MoO3 and Ag deposition after ZnO and active
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layer were spin-coated in the glove box. For regular devices, followed by the UVOzone treatment on ITO surface, PEDOT:PSS or other HTL was spin-coated in the
air. Then samples were transported into nitrogen-filled box for the formation of
organic layer and ZnO ETL. After that, samples were delivered into thermal
evaporation chamber for the deposition of top electrode (Ag). The thermal
evaporation chamber, as shown in Figure 3.1, was connected to glove box, avoiding
exposing the sample to ambient air. to the ambient air. The evaporation chamber
had two pumps, a mechanical pump and a molecular pump. After evacuating the
chamber to a high vacuum condition by the pump system, e.g., below 5 × 10−4
Pa, MoO3 and Ag can be heated and evaporated. The evaporation rate of materials
can be detected by a quartz crystal resonator and controlled by the heating
temperature.
After the evaporation of interlayer and top electrode, the fabrication processes
of OPV devices were accomplished. The devices were delivered from vacuum
chamber to glove box for encapsulation. To encapsulate devices, a piece of glass
was used and put on the top of a device with its four sides covered with glue. The
glue turned curing after exposure to UV light. The encapsulation process played an
important role in protecting the devices from oxygen, moisture and other chemicals.
The stability of devices can be analyzed without the effects of residual chemical
vapors in the glove box or the moisture and oxygen encroachment in air.
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3.2 Device Characterizations
3.2.1 Current Density–Voltage Characteristics
A photo taken for the J–V measurement set-up is shown in Figure 3.3. The
measurement system included a solar simulator, a power supply, a Keitheley
instrument and a computer for data acquisition.

Figure 3.3. Equipment for measuring J–V characteristics.

The spectrum of the solar simulator matched reasonably well to sunlight. The
output light intensity of solar simulator can be calibrated by a standard Si solar cell
(with a KG-5 filter), since the generated current density of a standard Si cell under
AM 1.5 solar spectrum at 100 mW/cm2 light intensity was known. After the incident
light intensity was calibrated, J–V characteristics of an OSC under illumination
were measured by applying voltage from -1.2 V to 1.2 V by Keitheley. Then, the
applied voltage and the corresponding current density were collected by computer
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through General Purpose Interface Bus (GPIB). The dark J–V curves of devices
were measured with no illumination.

3.2.2 Incident Photo-to-electron Conversion Efficiency
The schematic diagram of an IPCE measurement set-up is shown in Figure
3.4. Light from the xenon lamp entered in a monochromator that was used to
produce monochromatic light at the wavelength ranging from 300 nm to 900 nm.
Then, the monochromatic light passed through a chopper with a given frequency.
The signal from the background noise can be adjusted by the lock-in amplifier
which was connected to the monochromator, and then the ratio of signal to noise
𝐼 (λ) can be amplified. To measure IPCE spectra of an OSC, the xenon lamp
needed to be preheated around 20 minutes to output a steady-intensity light. The
responded signal 𝐼𝑠𝑖 (𝜆) at wavelength ranging from 300 nm to 900 nm of a
standard Si cell whose IPCE spectra had already been recorded was measured in
advance. After the signal generated by an OSC was measured, its IPCE spectra can
be calculated by Equation 3.1:
𝐼𝑃𝐶𝐸 =

𝐼 (𝜆)×𝐼𝑃𝐶𝐸𝑠𝑖
𝐼𝑠𝑖 (𝜆)

.

(3.1)

The Jsc of an OSC can be calculated from its IPCE spectra, as shown in
Equation 3.2:
900

𝑞𝜆

𝐽𝑆𝐶 = ∫300 𝐼𝑃𝐶𝐸 × ℎ𝑐 × 𝑃(𝜆)𝑑𝜆,
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(3.2)

where h is the Planck’s constant; e is electron charge; c, λ and 𝑃(λ) is the velocity,
the wavelength and intensity distribution of the incident light, respectively.

Figure 3.4. Schematic diagram of IPCE measurement.

3.2.3 Charge Collection Characteristics
Charge collection characteristics (Jph–Veff) is another important characteristic of
OSCs. Jph can be calculated by:
𝐽𝑝ℎ = 𝐽 − 𝐽𝐷 ,

(3.3)

where J is the current density measured under illumination, JD is dark current
density. The effective internal potential (Veff) across the organic BHJ is:

𝑉𝑒𝑓𝑓 = 𝑉0 − 𝑉𝑎 ,

(3.4)

where 𝑉𝑎 is the applied voltage. The V0 can be obtained when Jph is equal to zero.
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The charge carriers are collected by electrodes under the effective voltage,
generating photocurrent. When there is no Veff, no charge carriers can be collected,
at which time V0 was equal to the applied voltage.

Figure 3.5. Jph–Veff characteristic of an OSC.

A typical Jph–Veff characteristic of an OSC is plotted in Figure 3.5. The Jph in
an OSC climbs with the increase of Veff. When the Veff is larger than a certain value,
Jph remains constant and reaches their maximum value which is so called saturated
photocurrent density (Jph,

sat).

Equation 3.5 expresses the charge collection

efficiency (ηcc) of an OSC as a function of an effective voltage:

𝜂𝑐𝑐 (𝐼, 𝑉𝑒𝑓𝑓 ) =

𝐽𝑝ℎ (𝐼,𝑉𝑒𝑓𝑓 )
𝐽𝑝ℎ,𝑠𝑎𝑡 (𝐼)

.

(3.5)

I is the incident light intensity, which in normally 100 mW/cm2. The higher the ηcc
is, the more efficiently charge carriers are collected. When ηcc equals 1, it means all
photo-generated charge carriers are collected prior to charge recombination.
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3.2.4 Light Intensity-dependent Charge Recombination Dynamics
The characteristics of an OSC are dependent on the intensity of the incident
light, charge transport, charge recombination, and device configuration. The
recombination kinetics of photogenerated charges, the relationship between charge
carrier density at different light intensities and the performance of OSC can be
analyzed using light intensity dependent J–V characteristics. The performance of
OSCs depends on the incident light intensity. The charge collection efficiency is
limited by bimolecular and monomolecular recombination occurring in OSCs. The
relationship between recombination kinetics of photogenerated charges and the
charge carrier density at different light intensities can be analyzed by plotting light
intensity-dependent J–V characteristics. The output light intensity (I) of the solar
simulator, calibrated by using a single crystalline silicon detector (with a KG-5 filter)
to minimize the spectral mismatch, was adjusted over the range from 0.2 to 1 sun
condition.

Light intensity dependent photocurrent
Photocurrent density is closely related to light intensity. The relationship
between JSC and I reported previously are expressed in the following:66,67

𝐽𝑆𝐶 ∝ 𝐼𝛽 ,
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(3.6)

Among them, the value of the index β is usually between 0.75 and 1. However, β is
usually less than 1, which was explained that bimolecular recombination is the
cause of the deviation from one.68,69 The ratio of photo-generated carriers that are
reduced due to bimolecular recombination rises as incident light intensity increases,
leading to 𝛽 < 1. Bimolecular recombination is also related to the V0 across the
BHJ layer.70
The relationship between Jph and I can be expressed as: 67,71

𝐽𝑝ℎ ∝ (𝜌𝐼)𝛼 √𝑉𝑒𝑓𝑓 .

(3.7)

Where 𝜌 is the exciton dissociation probability, 𝑉𝑒𝑓𝑓 is the effective voltage.
When the value of the exponent α in Equation 3.7 approaches one, it means
that almost all the photogenerated charge carriers are extracted to electrodes,
leading to a quite high 𝜂𝑐𝑐 and low charge recombination losses. However, when
geminate recombination through defects or impurities,67,72 nongeminate
recombination, and the accumulated space charges73 occurred in the BHJ layer or
at the electrode/BHJ contact interface, α will deviate from one.

Light intensity-dependent open circuit voltage
VOC is an important parameter of OSCs, it is also related to the intensity of
light. It appears that VOC increases as the energy level difference between the LUMO
of the acceptor and the HOMO of the donor in the OSC increases. The losses of
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VOC in OSCs include disorder of energy levels of HOMO and LUMO in active
layer,74,75 monomolecular recombination and bimolecular recombination.76,77 The
disorder induced loss in VOC is related to

−𝜎2
𝑘𝑇

, where σ is relevant to the width of

Gaussian distribution, T is the temperature and 𝜅 is the Boltzmann constant.78,79
The effects of charge recombination losses on VOC has been reported in our previous
work.13 Assume the recombination in the device is only bimolecular recombination,
the correlation between VOC and the light intensity I is:

𝑉𝑂𝐶 =

∆𝐸
𝑞

𝜎2

− 𝑘𝑇 +

𝑘𝑇
𝑞

𝜌𝐴

ln [𝛾(1−𝜌)𝑁2 ∙ 𝐼].

(3.8)

𝐶

𝑘𝑇

VOC and ln 𝐼 have a linear relationship with a slope of

𝑞

. ∆𝐸 is energy level

difference between the LUMO of acceptor and the HOMO of donor. 𝑁𝐶 is the
effective density of states. γ is the bimolecular recombination coefficient. A
represents the linear coefficient between the exciton generation rate and I.
Assume only monomolecular exits in the device, the relationship between VOC
and I is expressed as:

𝑉𝑂𝐶 =

∆𝐸
𝑞

𝜎2

− 𝑘𝑇 +

𝑘𝑇
𝑞

𝜌2 𝐴2

ln [𝛾2 𝛿2 (1−𝜌)2 𝑁2 ∙ 𝐼 2 ].
𝑚

VOC and ln 𝐼 have a linear relationship with a slope of 2 ∙

(3.9)

𝐶

𝑘𝑇
𝑞

.

For high-performing OSCs, the defect and impurity densities in the active
layer are relatively low, and bimolecular recombination dominates the charge
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recombination losses under open circuit condition,73 the slope is equal to or little
larger than

𝑘𝑇
𝑞

. When there are high-density traps and defects in the device,

monomolecular recombination loss is dominated, the slope is close to 2 ∙
sometime larger than 2 ∙

𝑘𝑇 80
.
𝑞

𝑘𝑇
𝑞

,

Hence, light intensity-dependent VOC is a useful tool

to analyze the recombination dynamics in OSCs.

Light intensity-dependent fill factor
The relationship between FF in OSCs and light intensity has also been
reported previously.67,81 FF represents the dependence of current density on the
applied voltage. Poor charge extraction leads to the buildup of space charge and a
subsequent drop of the FF with increase in light intensity. Therefore, any effects
that influence the voltage dependent current density will also significantly affect
FF. It has been reported that both of germinate and non-germinate recombination
are related to the effective voltage.82,83 The rates of bimolecular and monomolecular
recombination is a function of light intensity. Thus, it is important to understand the
influence of light intensity on FF.

3.2.5 Transient Photocurrent Measurements
Transient photocurrent (TPC) technique was typically applied in analyzing the
physics of transient photocurrent processes in organic semiconductors. The timedependent charge extraction properties on a microsecond time scale in OSCs can
be analyzed using TPC measurements.84A laser pulse incidents from ITO electrode
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to the metal electrode, exciting the photo-generated charge carriers. Then, the
photogenerated charges are collected by electrodes to generate a current that is
detected by an oscilloscope as voltage across the resistor. TPC measurements are
performed under a short circuit condition and provide information on charge
extraction, recombination, and state density. The TPC allows for varying test
parameters such as the intensity or duration of the laser, the applied bias voltage,
etc. The details of TPC measurement are described in previous work.10,12
The transient photocurrent can be calculated by:

𝐼𝑇𝑃𝐶 = 𝐼𝐿 − 𝐼𝐷 ,

(3.10)

where IL and ID are the transient photocurrent and the dark current measured for the
devices at same bias. The transient photocurrents are associated with the photogenerated carriers drift with the effective internal electric field (Eeff).85,86 Eeff is a
function of V0, the external bias (𝑉𝑎 ) and the thickness of the active layer (d), i.e.:

𝐸𝑒𝑓𝑓 =

𝑉𝑒𝑓𝑓
= (𝑉0 − 𝑉𝑎 )/𝑑.
𝑑

(3.11)

The transient photocurrent ITPC, formed under the effective internal electric field
Eeff, can be offset by applying an opposite external bias on devices. The actual
values of 𝑉0 in the OSCs can be examined by adjusting 𝑉𝑎 to compensate V0, i.e.,
tuning ITPC approaching zero in the absence of effective internal electric field.
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In this research, a 532 nm Nd:YAG pulsed laser with a pulse duration of <5 ns
was used to generate transient signal. Two electrodes of an OSC were connected to
an oscilloscope (Tektronix MDO3052 Mixed Domain Oscilloscope) to detect the
transient photovoltage induced by the transient excitons and free charge carriers.
The function generator with an internal resistor 50 Ω was connected to device in
parallel to generate oppositely external bias. The equipment used in TPC technique
is plotted in Figure 3.6.

Figure 3.6. Schematic diagram of transient photocurrent technique.

3.2.6 X-ray Photocurrent Spectroscopy
XPS is a surface-sensitive quantitative photoelectron spectroscopy technique
used to measure the elemental composition, empirical formula, chemical state and
electronic state of the elements presented in a material. It be used to analyze the
surface chemistry of materials that are in their original state or after some treatment.
In this study, XPS measurement was performed using a Sengyang SKL-12
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electron spectrometer equipped with a VG CLAM 4 MCD electron energy analyzer.
A dual anode (Mg/Al) source from VG (model XR3E2) was used for XPS
measurement. The XPS spectrum was recorded at 10 kV using an achromatic Mg
Kα excitation (1253.6 eV) with an emission current of 15 mA
The base pressure of XPS system was ~2 × 10−9 mbar. The acceptor/donor
ratio on the top surface of the blend film was analyzed by measuring the elemental
composition of the film coated on the silicon substrate. The composition of the
donor and acceptor on the bottom surface of a blend layer was deposited on an
ultrathin Lithium fluoride (LiF) buffer layer coated glass and Si wafer substrates.
The blend layer was removed from the glass substrate in deionized water, the blend
layer was then turned upside down and transferred to the Si substrate. The blend
film formed on the Si wafer by spin-coating was removed using a transfer process
using a polydimethylsiloxane (PDMS) planar mold in deionized water. The blend
layer on the PDMS planar mold was then turned upside down for the XPS
measurements.

3.2.7 Raman Spectroscopy
Raman spectroscopy was discovered by C.V. Raman in 1928. It is a
spectroscopic technique used to observe vibrational, rotational, and other lowfrequency modes in a system. Raman spectroscopy measurement is commonly
applied in chemistry to provide a structural fingerprint by which molecules can be
identified. It relies on inelastic scattering, or Raman scattering, of monochromatic
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light, usually from a laser in the visible, near infrared, or near ultraviolet range. The
laser light interacts with molecular vibrations, phonons or other excitations in the
system, resulting in the energy of the laser photons being shifted up or down. The
shift in energy gives information about the vibrational modes in the system.87,88
As shown in Figure 3.7, a monochromatic laser beam is incident upon a
sample and interacts with the molecules of the sample, resulting in reflected,
absorbed or scattered radiation in some manner. It is scattering of radiation that
gives the information of molecular structure. The scattered radiation passes through
beam splitter and focusing lens. Then, elastic scattered radiation with a frequency
equal to the frequency of incident radiation (Rayleigh scattering) is filtered out by
a notch filter, while the rest of the radiation whose frequency is different from that
of incident radiation (Raman scattering) is collected by a spectrometer and
dispersed by a detector (CCD). Finally, the measured Stokes lines appearing in the
Raman spectrum are displayed in a connected laptop.

Figure 3.7. Schematic diagram of Raman spectrum measurement.
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Chapter 4: Stability of PTB7-Th:ITIC-based Organic
Solar Cells
This chapter discusses the results of the origin of efficient operation of PTB7Th:ITIC-based OSCs. The effects of the buildup of space charges charge extraction
property, bimolecular recombination processes on the performance and stability of
PTB7-Th:ITIC-based OSCs are analyzed.13

4.1 Performance of PTB7-Th:ITIC-based Organic Solar Cells
The inverted OSCs with a cell structure of glass/ITO/ZnO (10 nm)/PTB7Th:ITIC /MoO3 (2 nm)/Ag (100 nm) as well as regular configuration OSCs with a
structure of glass/ITO/PEDOT:PSS (30 nm)/PTB7-Th:ITIC/ ZnO (20 nm)/Ag (100
nm) were fabricated for stability study of nonfullerene OSCs. The thicknesses of
the PTB7-Th:ITIC active layers in two sets of reverse and regular configuration
OSCs were optimized for achieving high PCE. The J–V characteristics measured
for different reverse and regular configuration OSCs are shown in Figure 4.1. Their
cell parameters are summarized in Table 4.1.
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Figure 4.1. J–V characteristics measured for a set of PTB7-Th:ITIC-based (a)
reverse and (b) regular configuration OSCs with different active layer thicknesses.

Table 4.1. A summary of cell parameters measured for a set of (a) inverted and (b)
regular PTB7-Th:ITIC OSCs with different active layer thickness at AM 1.5G of
100 mW/cm2, the values of JSC and PCE are calibrated using IPCE measurements.
(a)
Thickness
(nm)

VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

RS
(Ωcm2)

RSH
(Ωcm2)

220

0.85

13.36

45.78

5.16

20.36

307.31

110

0.84

13.94

54.62

6.32

12.27

484.79

100

0.82

14.13

64.82

7.42

6.33

925.29

80

0.83

14.58

65.23

7.89

6.18

825.66

75

0.83

13.59

67.52

6.58

5.69

1032.48

Thickness
(nm)

VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

RS
(Ωcm2)

RSH
(Ωcm2)

250

0.83

11.14

47.31

4.36

19.04

387.00

130

0.82

12.54

54.75

5.63

13.41

564.54

110

0.82

11.95

63.00

6.16

6.23

698.14

100

0.82

13.38

56.78

6.23

6.58

375.74

85

0.82

11.61

63.90

6.06

6.92

891.072

(b)
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J−V characteristics and IPCE spectra measured for the optimized inverted and
regular OSCs are plotted in Figure 4.2. Compared to the performance of regular
OSCs, the inverted PTB7-TH:ITIC OSCs possess obvious advantages, with
increases in VOC from 0.82 to 0.83 V, JSC from 13.33 mA/cm2 to 14.58 mA/cm2, and
FF from 55.78% to 65.23%, leading to an overall 29% increase in PCE from 6.10%
(regular cell) to 7.89% (inverted cell). The evident enhancements in JSC and FF,
shown in Figure 4.2 (a), are the primary factors contributing to the superior
performance of the inverted devices.

Figure 4.2. (a) J−V characteristics and (b) IPCE spectra measured for the inverted
and the regular configuration PTB7-Th:ITIC OSCs.

Table 4.2. A summary of cell parameters measured for the inverted and regular
configuration PTB7-Th:ITIC OSCs measured at AM 1.5G of 100 mW/cm2, the
values of JSC and PCE are calibrated using IPCE measurements.
Cell
structure

PCE
(%)

Inverted 7.89±0.13
Regular 6.10±0.11

JSC
(mA/cm2)

FF
(%)

VOC
(V)

14.58±
0.07
13.33±
0.05

65.23±
0.13
55.78±
0.28

0.83±
0.01
0.82±
0.00
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RS
RSH
2
(Ωcm ) (Ωcm2)
6.54± 911.07±
0.34
16.92
11.76± 343.81±
0.89
1.93

J (mA/cm2)

102

Inverted
Regular

100
10-2
10-4
10-6
-1.0

-0.5

0.0
0.5
Voltage (V)

1.0

Figure 4.3. Dark J−V characteristics measured for the optimized inverted and
regular configuration PTB7-Th:ITIC OSCs.

The results in Figure 4.2 show clearly that inverted OSCs possess enhanced
charge collection efficiency and favorable photogenerated carrier transport
properties. The J−V characteristics and the IPCE spectra shown in Figure 4.2,
measured for both sets of the inverted and regular configuration OSCs, are the
average of more than 20 devices, fabricated using identical process conditions. The
variation in the resulting cell parameters obtained for the respective sets of the
inverted and regular configuration OSCs is typically within an error range of <5%.
The standard deviations of these cell parameters are given in Table 4.2. The
inverted OSCs have a lower series resistance (RS) of 6.54 Ω·cm2 and a higher shunt
resistance (RSH) of 911.07 Ω·cm2 as compared to RS of 11.76 Ω·cm2 and RSH of
343.81 Ω·cm2 measured for an optimized regular OSC. The dark J−V
characteristics (Figure 4.3) also illustrate that the inverted OSCs have a lower
leakage current density. IPCE characteristics provide the information on light
absorption in the active region contributing to exciton generation and external
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quantum efficiency of the devices. OSCs with an inverted configuration also
exhibited an improved IPCE in almost the whole spectrum region, demonstrating
an enhancement in the charge collection. A summary of device parameters obtained
for both types of the PTB7-Th:ITIC OSCs is provided in Table 4.2.

Figure 4.4. Normalized (a) VOC (b) JSC (c) FF (d) PCE as a function of the aging
time measured for the encapsulated inverted and regular configuration PTB7Th:ITIC OSCs.

The aging test of the inverted and regular PTB7-Th:ITIC OSCs was then
conducted in a glovebox. Both types of OSCs were kept in the dark at room
temperature. To prevent the degradation due to the possible interaction between the
OSCs and the residual chemical vapors in the glovebox, the cells were encapsulated
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for the aging tests. The normalized VOC, JSC, FF, and PCE measured for the inverted
and regular configuration OSCs as a function of aging time are shown in Figure
4.4. The inverted OSCs experienced a much slower decrease in JSC and FF and
thereby a slower decrease in PCE as compared to that of the regular OSCs. For
inverted OSCs, there is a 2.6% drop in JSC, 7% drop in FF, and an 11% decrease in
PCE after 120 days. For the regular cells, fast reductions in the VOC, JSC, FF, and
PCE are observed during the aging test, having 7.7% drop in JSC, 23% drop in FF,
and 29% drop in PCE, respectively.

4.2 Space-charge Buildup
To further study the charge transport in both types of OSCs, the space-chargelimited current (SCLC) technique was used to calculate the electron mobility (μe)
and hole mobility (μh) in the PTB7-Th:ITIC blend system. The electron-only device
of

ITO/ZnO/PTB7-Th:ITIC/LiF/Al

and

the

hole-only

device

of

ITO/PEDOT:PSS/PTB7-Th:ITIC/Au were prepared for the SCLC measurements.
The J0.5–V characteristics measured for the electron-only device under reverse bias
and hole-only device under the forward bias are plotted in Figure 4.5. The J0.5−V
characteristics plot over the voltage region of >4 V is used for analyzing the SCLC
charge-carrier mobility of the single-carrier devices. Although a linear regime in the
single carrier device also is seen in the low-voltage region, it reflects the
combination of drift and diffusion of charge carriers due to the rearrangement of
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the electric field inside the devices.89,90

The electron mobility calculated by SCLC

is 1.6 × 10−5 cm2 V−1 s−1, while the hole mobility is 4.8 × 10−5 cm2 V−1 s−1, showing
an unbalanced charge transport (μh/μe=3) between the electrons and the holes in the
PTB7-Th:ITIC blend system. The buildup of the space charges also induces a
decrease in the effective internal potential across the BHJ, leading to an increase in
the related carrier recombination losses and thereby deteriorating the device
performance.85

Figure 4.5. J0.5−V characteristics obtained for (a) electron-only and (b) hole-only
devices.

The J0.5−V characteristics measured for the electron- and hole-only devices
under the forward and reverse biases (Figure 4.6) are compared. The value of μe
derived from the electron-only device under the forward bias is in the range of 10−6
cm2 V−1 s−1, which is about an order of magnitude lower than the one obtained for
the electron-only device measured under the reverse bias. The difference in μe
derived from the J0.5–V characteristics, measured for the electron-only device under
the reverse and forward biases, suggests that the electrons can be injected (or
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extracted) easier when the electron-only device was measured under a reverse bias,
implying the presence of an ITIC-rich region at the bottom and a polymer-rich
region near the top of the active layer. SCLC measurements for the hole-only device
further support this prediction. The value of μh measured for the hole-only devices
under the reverse bias is in the order of 10−6 cm2 V−1 s−1, which is lower than the
one obtained for the device measured under the forward bias (∼10−5 cm2 V−1 s−1).
The bias polarity-dependent charge injection and extraction behaviors seen in the
J0.5–V characteristics of the single-carrier devices measured under the forward and
reverse biases (Figure 4.6) reflect the formation of an inhomogeneous vertical
distribution of donor and acceptor in the BHJ active layer. Therefore, it is expected
that the buildup of space charges is closely associated with the imbalance of charge
transport in the blend layer.

Figure 4.6. J0.5−V characteristics measured for (a) electron-only and (b) hole-only
devices under the forward and reverse biases.

FF is sensitive to the presence of the space charges in the organic BHJ.86 The
buildup of the space charges also leads to the poor charge extraction. Thus, light
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intensity-dependent FF characteristics of both inverted and regular PTB7-Th:ITIC
OSCs were measured and are plotted in Figure 4.7. The FF of inverted cells under
different intensities of the incident light are always larger than that of the regular
ones, implying that the inverted OSCs have a more efficient charge collection
probability due to a high effective internal electric field. FF of the inverted OSCs
increases with decrease in light intensity, suggesting reduced bimolecular
recombination (light-dependent recombination) probability due to the low density
of photogenerated charge carriers. For regular configuration OSCs, the lower FF
values were observed, showing a slower change in light intensity, caused by the
inefficient charge collection efficiency.

75

FF (%)

70

Inverted
Regular

65
60
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40
60 80 100
Light intensity (mW/cm2)

Figure 4.7. FF−light intensity characteristics measured for both an inverted and a
regular PTB7-Th:ITIC OSCs.

TPC measurement is a technique to study the dynamics of the photogenerated
carriers with a time scale of ∼10 ns in organic electronic devices. The transient
photocurrents measured for both types of OSCs as a function of the transient time
are shown in Figure 4.8. The transient photocurrent ITPC, formed under the effective
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internal electric field Eeff, can be offset by applying an opposite external bias on
devices. The actual values of the built-in potential in the OSCs can be examined by
adjusting 𝑉𝑎 to compensate 𝑉0 i.e., tuning ITPC approaching zero in the absence
of effective internal electric field. As shown in Figure 4.8 (b), ITPC of the regular
OSCs approaches zero at an external bias of ∼0.7 V, which corresponds to the actual
built-in potential in the regular OSCs. Likewise, the built-in potential obtained for
the inverted OSCs is ∼0.9 V, as indicated in Figure 4.8 (a). The TPC results reveal
clearly that the inverted PTB7-Th:ITIC OSCs possess a built-in potential higher
than that in a regular configuration OSC, made with an identical PTB7-Th:ITIC
blend system. The optimized inverted OSCs have an active layer thickness of 80
nm, and that for the optimal of a regular cell is 100 nm. According to Equation
3.11, the higher built-in potential coupled with a thinner active layer thickness (d)
would result in a larger effective internal electric field, Eeff, in the inverted PTB7Th:ITIC OSCs as compared to that in the regular cells. Therefore, it is expected that
the inverted OSCs allow suppressing charge recombination loss, thereby facilitating
the photogenerated charge carriers being swept out efficiently under a higher
effective internal electric field.
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Figure 4.8. Transient photocurrents measured for (a) a regular and (b) an inverted
PTB7-Th:ITIC OSCs at different biases.

4.3 Charge Collection and Recombination
Charge recombination and charge collection in solar cells are competing
processes and are dependent on the effective internal electric field. The
recombination of the photogenerated charge carriers in OSCs mainly includes the
bimolecular recombination and geminate recombination or trap-assisted
recombination. The

trap-assisted

recombination

takes

place

when

the

photogenerated electrons (holes) are captured by the traps and then recombined
with the separated holes (electrons) in the BHJ layer. The bimolecular
recombination is a nongeminate recombination loss process. The behaviors of light
intensity-dependence for both inverted and regular PTB7-Th:ITIC OSCs were
measured. The results show that JSC follows a power law dependence on light
intensity, i.e., 𝐽𝑆𝐶 ∝ 𝐼𝛽 , and VOC varies logarithmically (ln I) with light intensity
as shown in Equation 3.8 and 3.9. The JSC and VOC as a function of light intensity,
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plotted in double logarithmic scales, are plotted in panels (a) and (b) of Figure 4.9,
respectively. Linear fittings also are given in Figure 4.9. From Figure 4.9 (a), it is
seen that the value of the exponent β obtained for the inverted OSC is 1.0, and that
for the regular cells is 0.96. The exponent β in the power law dependence of the
photocurrent on light intensity is a good indication of photogeneration and
extraction in the OSCs. It approaches unity when all the photogenerated carriers
escape prior to recombination.
The exponent less than 1.0 is due to different loss mechanisms, e.g., the
buildup of space charges,12 charge recombination,71 and imbalanced hole–electron
mobility in the cells. The understanding of charge recombination in the inverted and
regular PTB7-Th:ITIC OSCs can be further improved by analyzing their VOC–light
intensity characteristics. Because there is no current generated at the open circuit
condition, the bimolecular recombination processes in the OSCs can be examined
for the cells operated near VOC. The slope of the VOC–ln 𝐼 plot approaches

𝑘𝑇
𝑞

(Equation 3.8) if the bimolecular recombination is the dominating recombination
mechanism. The slope of 2 ∙

𝑘𝑇
𝑞

(Equation 3.9) is observed for the VOC–ln 𝐼 plot,

measured for the conventional inorganic solar cells. The slopes of the VOC−ln 𝐼
plots obtained for the inverted and regular PTB7-Th:ITIC OSCs, shown in Figure
4.9 (b), are close to

𝑘𝑇
𝑞

, suggesting that bimolecular recombination losses become

significant in the OSCs as 𝑉𝑎 approaches VOC. Reduction in bimolecular
recombination loss is important for performance enhancement of PTB7-Th:ITIC
OSCs.
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Figure 4.9. (a) JSC−light intensity and (b) VOC−light intensity characteristics
measured for both an inverted and a regular PTB7-Th:ITIC OSCs.

Light intensity-dependent J–V characteristics are a useful technique to analyze
different charge recombination processes in the cells. The double logarithmic plots
of Jph–I characteristics measured for the regular and inverted OSCs are shown in
Figure 4.10. The power law dependence of Jph on I can be observed. As discussed
in Chapter 3, 𝐽𝑝ℎ ∝ 𝐼 𝛼 , the exponent α approaches unity when almost all the
photogenerated charge carriers are extracted prior to recombination. Less efficient
charge transport and charge extraction in the OSCs will give rise to a smaller α
value. In OSCs, charge mobility is field dependent, an increase in loss to the charge
recombination may occur at a low Veff, due to the poorer charge transport and
buildup of space charges. In Figure 4.10, it is seen that a high power exponent α of
1.0 for inverted PTB7-Th:ITIC OSCs is obtained over the broad effective internal
potential range from 0.88−0.13 V, corresponding to cells being operated at the
short-circuit (Veff = 0.88 V), maximum power output (Veff = 0.22 V), and near opencircuit (Veff = 0.13 V) conditions. This indicates that the photocarriers generated in
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the inverted PTB7-Th:ITIC OSCs can be swept out efficiently prior to
recombination, resulting in a higher photocurrent density. The power exponent α
obtained for the regular configuration OSCs decreases with the effective internal
potential, with smaller values of 0.95 at short-circuit (Veff = 0.88 V), 0.80 at
maximum power output (Veff = 0.22 V), and 0.64 near open-circuit (Veff = 0.22 V)
conditions. It is clear that the charge transport and charge collection in the regular
PTB7-Th:ITIC OSCs are less efficient. Inefficient charge extraction leads to the
buildup of space charges, giving rise to higher bimolecular recombination and
thereby leading to a lower power exponent. The results shown in Figure 4.10 reveal
that the buildup of space charges and the subsequent bimolecular charge
recombination occurring in the regular configuration OSCs can be greatly
suppressed in the inverted OSCs.

Figure 4.10. Double logarithmic plots of photocurrent density as a function of light
intensity measured for (a) a regular configuration and (b) an inverted PTB7Th:ITIC OSCs under different effective voltages.

Charge collection characteristics in the PTB7-Th:ITIC-based inverted and
regular configuration OSCs are plotted in Figure 4.11. The charge recombination
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is a function of Veff in the cells, e.g., the first-order (monomolecular) recombination,
the dominant recombination processes occurring at the short-circuit condition (Veff
= V0), gradually shifts to the second-order (bimolecular) recombination processes
in OSCs operated near the open-circuit state (Veff = 0 V).91 From the short-circuit
point to the maximum power output (Veff > 0.22 V), monomolecular recombination
dominates the total loss, when Veff < 0.22 V, bimolecular recombination becomes
significant. Charge collection efficiency describes the total losses of charge carriers
during the charge transport in the BHJ active layer and the charge extraction at the
anode/organic and organic/cathode interfaces under different Veff. In Figure 4.11,
the ηcc probability of the regular PTB7-Th OSCs is always lower than that of the
inverted cells, due to an obvious increase in bimolecular recombination loss. For
regular cells, ηcc decreases from 58% at maximum power output (Veff = 0.22 V) to
25% at VOC point (Veff = 0.13 V), while only a 10% drop in ηcc from 84% (at
maximum power output) to 75% (at VOC point) occurs in the inverted devices. The
results confirm that the inverted cells possess more efficient charge collection
efficiency due to the suppression of the bimolecular recombination loss. The
analyses on charge collection agree with the change in JSC and FF shown in Figure
4.4.
The normalized charge collection efficiency of the reverse and regular
configuration OSCs, operated at two different effective internal potentials of 0.22
V (maximum power output) and 0.13 V (near VOC condition), as a function of aging
time is plotted in Figure 4.12. It is shown that the OSCs with regular configuration
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Figure 4.11. Jph−Veff characteristics illustrating the difference in charge collection
probability of an inverted and a regular configuration PTB7-Th:ITIC OSCs.

undergo a much faster deterioration in the ηcc as compared to the inverted OSCs
during the same aging test. A close look at the charge collection efficiency for cells
operated at Veff = 0.22 V (maximum power output) shown in Figure 4.12 (a) reveals
the inverted OSCs display an 11% drop in ηcc, which is much smaller than that of
the regular configuration OSCs (36%) after a 120 day aging test. The bimolecular
recombination losses become significant in the cells operated near VOC conditions,
e.g., at Veff = 0.13 V. The ηcc value of regular OSCs declines by 48% after 120 days,
which is much higher than that of the inverted devices (27%). Improved charge
extraction in the cells indicates the efficient charge transport and reduced loss to the
charge recombination.
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Figure 4.12. Normalized charge collection efficiency as a function of the aging time,
measured for the inverted and regular PTB7-Th:ITIC OSCs at (a) 𝑉𝑒𝑓𝑓 =
0.22 𝑉 (corresponding to maximum power output), and (b) 𝑉𝑒𝑓𝑓 =
0.13 𝑉 (approach to open circuit condition).

4.4 Vertical Phase Separation in PTB7-Th:ITIC blend layer
To analyze the miscibility of the ITIC with PTB7-Th in the BHJ, the vertical
compositional distribution of the PTB7-Th and ITIC in the blend layer was
analyzed using XPS measurements. XPS is a surface-sensitive spectroscopic
technique for measurement and quantitative analysis of elemental composition in
the films. Wide scans of XPS spectra measured for the individual PTB7-Th (black
spectrum) and ITIC films (red spectrum) are plotted in Figure 4.13 (a). The C1s,
S2s, and S2p XPS peaks at the binding energies of 284.6, 228, and 164 eV are
observed in the XPS spectra measured for both PTB7-Th and ITIC films. F1s,
peaked at 688 eV, is seen only in the PTB7-Th XPS spectrum, while the N1s XPS
peak, observed at a binding energy of 400 eV, is unique to the ITIC acceptor, as
shown in the ITIC XPS spectrum. Therefore, F1s (PTB7-Th) and N1s (ITIC) XPS
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peaks are used to examine the vertical compositional distribution of the polymer
(PTB7-Th) and the nonfullerene acceptor (ITIC) in the blend layer. Wide scans of
XPS spectra measured for the top (black spectrum) and the bottom (red spectrum)
surfaces of the two identical PTB7-Th:ITIC blend films are shown in Figure 4.13
(b). F1s and N1s XPS peaks are seen in the XPS spectra measured for the top and the
bottom surfaces of the blend layers. The N1s (from ITIC) XPS spectra measured for
the top and bottom surfaces of the PTB7-Th:ITIC blend films are plotted in Figure
4.13 (c), and F1s (from PTB7-Th) XPS spectra measured for the top and bottom
sides of the same blend layers are shown in Figure 4.13 (d).

Figure 4.13. XPS spectra measured for (a) the individual PTB7-Th and ITIC films,
(b) the top and bottom surfaces of the PTB7-Th:ITIC blend layers. (c) N1s (from
ITIC) and (d) F1s (from PTB7-Th) XPS spectra measured for the top and bottom
surfaces of the PTB7-Th:ITIC blend film.
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Table 4.3. The area ratios of XPS spectra N1S/C1S, N1S/S2P, F1S/C1S, F1S/S2P and the
relative compositional ratio of ITIC to PTB7-Th obtained from the top and bottom
surfaces of the PTB7-Th:ITIC blend films.

Surface

N1S/C1S

N1S/S2P

F1S/C1S

F1S/S2P

ITIC/PTB7-Th
ratio

Top

0.009

0.081

0.019

0.180

0.46

Bottom

0.021

0.337

0.006

0.089

3.65

It is seen clearly that there is a dramatic change in the intensity of N1s and F1s
XPS spectra measured for the top and the bottom surfaces of the same blend layers,
indicating a nonuniform distribution of the PTB7-Th and ITIC in the vertical
direction in the blend layer. A combination of a strong intensity of N1s XPS peak
(from ITIC) and a relative weak F1s XPS peak (from PTB7-Th) is observed from
the bottom side of the PTB7-TH:ITIC blend layer. In contrast, a combination of a
weak intensity of N1s XPS peak (from ITIC) and a strong F1s XPS peak (from PTB7Th) is observed from the top surface of the blend layer. The changes in the relative
compositional ratio of ITIC to PTB7-Th (ITIC/PTB7-Th ratio) on the top and
bottom surfaces of the PTB7-Th:ITIC blend layers can be analyzed using the area
ratios of N1s/C1s, N1s/S2p, F1s/C1s, and F1s/S2p XPS spectra. The results are
summarized in Table 4.3. There is an obvious increase in the ITIC/PTB7-Th ratio
obtained from the top surface (0.46) to that of the bottom surface (3.65) of the blend
layer. XPS results support the analyses made with the J0.5–V characteristics of the
single-carrier devices, indicating that an inhomogeneous distribution of the ITIC
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and PTB7-Th occurs in the blend layer, forming an ITIC-rich region toward the
bottom of the blend layer.

Figure 4.14. Schematic drawing illustrating the presence of a vertical phase
separation between PTB7-Th and ITIC in the active layer, forming an ITIC-rich
region towards the bottom of the PTB7-Th:ITIC blend layer.

The relative compositional ratios of ITIC to PTB7-Th calculated for the top
surfaces of different PTB7-Th:ITIC blend films deposited on ZnO, PEDOT:PSS,
and glass (Table 4.4) are very similar (∼0.5). They are consistently lower than that
of the ITIC/PTB7-Th ratio (∼3.65) measured for the bottom side of the blend film,
peeled off from the one deposited on glass, implying that the PTB7-Th:ITIC active
layers in the inverted and regular configuration OSCs have similar inhomogeneous
vertical phase separation behavior. A schematic drawing illustrating the vertical
phase separation of ITIC and PTB7-Th in the BHJ is shown in Figure 4.14. It is
seen that the aggregation of ITIC at the bottom of active layer is not favorable for
the efficient operation of the regular configuration OSCs, as the holes need to pass
through the ITIC-rich region before they are collected by the anode, giving rise
higher charge recombination. For inverted OSCs, the electrons are collected by the
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bottom electrode (ITO cathode), avoiding extraction of the holes via an ITIC-rich
region, which would otherwise occur in the regular configuration cell.

Table 4.4. The area ratios of XPS spectra N1S/C1S, N1S/S2P, F1S/C1S, F1S/S2P and the
relative compositional ratio of ITIC to PTB7-Th obtained from the top surfaces of
the PTB7-Th:ITIC blend films deposited on glass, ZnO and PEDOT:PSS.

Substrate

N1S/C1S

N1S/S2P

F1S/C1S

F1S/S2P

ITIC/PTB7-Th
ratio

Glass

0.009

0.081

0.019

0.180

0.46

ZnO

0.009

0.075

0.018

0.153

0.50

PEDOT:PSS

0.009

0.082

0.018

0.155

0.51

4.5 Summary
On the basis of the TPC, light intensity-dependent J–V characteristics, and the
XPS measurements, we conclude that the reverse device configuration benefits the
efficient operation of PTB7-Th:ITIC OSCs in two ways: (1) suppression of
bimolecular recombination enabled by a greater effective internal electric field and
(2) improvement of charge extraction by avoiding the holes passing through an
ITIC-rich region. The combined effects also enable the inverted PTB7-Th:ITIC
OSCs to possess a slow degradation process.
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Chapter 5: Stability of PBDB-T:ITIC-based Organic Solar
Cells
In this Chapter, the impacts of built-in potential and interfacial passivation on
the stability of nonfullerene OSCs, made with PBDB-T:ITIC-based OSCs are
analyzed.19

5.1 Performance of PBDB-T:ITIC-based Organic Solar Cells
The PBDB-T:ITIC OSCs, with a reverse configuration of glass/ITO (180
nm)/ZnO ETL (10 nm)/ PBDB-T:ITIC BHJ (90 nm)/MoO3 HTL(2 nm)/Ag (100
nm) and a regular device configuration of glass/ITO (180 nm)/PEDOT:PSS HTL
(30 nm)/ PBDBT:ITIC BHJ (110 nm)/ZnO ETL(20 nm)/Ag (100 nm), were
fabricated. The thicknesses of the binary blend PBDB-T:ITIC BHJ optimized for
attaining the best performing regular and inverted OSCs are 110 and 90 nm,
respectively. The EQE and J–V characteristics of the PBDBT:ITIC OSCs are plotted
in Figure 5.1. A performance summary of the as-prepared PBDB-T:ITIC OSCs is
listed in Table 5.1. Inverted OSCs possess a little higher average FF, JSC and
thereby a higher PCE as compared to the regular configuration OSCs, achieving a
slightly higher average PCE of 9.94% as compared to that of the regular
configuration OSCs (9.77%). The inverted OSCs with an enhanced PCE is mainly
due to a higher JSC, supporting the previous study in showing that light absorption
in the optimized OSCs with a reverse configuration is more efficient than their
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regular geometry OSCs.16

Figure 5.1. a) J–V and b) EQE characteristics measured for both types of the
PBDB-T:ITIC OSCs.

Table 5.1. A performance summary of both types of the PBDB-T:ITIC OSCs,
measured at AM 1.5G of 100 mW/cm2
Cell
structure

PCE
(%)

JSC
(mA/cm2)

VOC
(V)

FF
(%)

RS
(Ω‧cm2)

RSH
(Ω‧cm2)

Inverted

9.83±0.11
(9.94)

16.10±
0.32

0.90±
0.00

68.20
±1.14

1318.68
±13.19

1138.52
±11.54

Regular

9.68±0.08
(9.77)

15.55±
0.28

0.90±
0.00

67.23
±0.68

1809.05
±19.58

911.27±
16.34

EQE spectra of the PBDB-T:ITIC OSCs, as shown in Figure 5.1 (b), are the
result of the exciton generation and charge transfer in the devices. The inverted
OSCs exhibit an obvious improved EQE over most of the wavelength range. The
shift in the position of the peaks in the EQE spectra of the OSCs is due to the
interference effect, as the functional layer thicknesses in the organic stack optimized
for the regular and reverse configuration PBDB-T:ITIC OSCs are different.
The stability of the PBDB-T:ITIC OSCs was tested in air. To prevent the
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possible cell degradation due to the moisture and oxygen encroachment in air,92 the
cells were encapsulated in the glove box before taking out for the aging tests in air.
VOC, JSC, FF, and PCE measured for the PBDB-T:ITIC OSCs were monitored
during the aging study. The evaluation of the normalized VOC, JSC, FF, and PCE of
the PBDB-T:ITIC OSCs are displayed in Figure 5.2. The results show that the
inverted PBDB-T:ITIC OSCs are more favorable than the regular configuration
ones for the stable operation. An almost constant VOC, a 3% mild decrease in FF,
and 2.4% decrease in PCE were observed in the inverted OSCs aged in air for 50
days. However, an obvious decrease in the corresponding cell parameters, e.g., a
35% decline in FF and a 34% drop in VOC, was observed for the regular
configuration PBDBT:T:ITIC OSCs during the aging test in air, thereby leading to
a significant decrease in PCE (58%).
The charge extraction characteristics of the PBDB-T:ITIC OSCs were also
analyzed. The normalized aging time dependent ηcc characteristics obtained for both
types of the PBDB-T:ITIC OSCs, operated at maximum power output (Pmax) (with
a Veff of 0.20 V) and near VOC condition (a lower Veff of 0.12 V), are shown in Figure
5.3. It shows that ηcc of the OSCs with a regular configuration decreases much faster
than that in the OSCs with a reverse configuration in the aging test. The variation
in ηcc as a function of the aging time is very similar to the changes in VOC and FF
of the OSCs during the aging test. A 6% decrease in ηcc was seen in the inverted
OSCs, operated at Veff of 0.20 V (Pmax) after aging in air for 50 d. However, a
significant drop of >90% in ηcc was observed for the regular configuration OSCs
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after aging in air for 10 d. The change in ηcc of both types of the PBDB-T:ITIC
OSCs, operated at Veff of 0.12 V (near VOC), also was monitored.

Figure 5.2. Normalized (a) VOC, (b) JSC, (c) FF, and (d) PCE measured for the
PBDB-T:ITIC OSCs as a function of the aging time.

Figure 5.3. Normalized ηcc as a function of the aging time, measured for PBDBT:ITIC-based OSCs operated at (a) Pmax (Veff=0.20 V) and (b) near VOC (Veff=0.12
V).
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A rapid decline of 96% in ηcc was observed in the regular configuration OSCs
aged in air for 6 d, while a mild decrease of 13% in ηcc was seen in the inverted
OSCs after aged in air for 50 d. Compared to the regular configuration OSCs,
Figure 5.3 reveals that the inverted PBDB-T:ITIC OSCs are able to retain a more
stable charge extraction capability during the aging test in air.
To identify the cause of the difference in 𝜂𝑐𝑐 observed for the regular and
inverted types of the PBDB-T:ITIC OSCs, J−V characteristics measured for the
OSCs over light intensity ranging from 0.2 to 1 sun were analyzed. For example,
JSC−light intensity (I) characteristics, measured for the as-prepared regular and
inverted configuration PBDB-T:ITIC OSCs, are plotted in Figure 5.4 (a). JSC of an
OSC is dependent on the intensity of the incident light: 𝐽𝑆𝐶 ∝ 𝐼𝛽 , the exponent 𝛽
is typically between 0.75 and 1, a deviation of 𝛽 below unity is closely associated
with the non-geminate recombination in the cells. It can be seen that 𝛽 obtained
for the as-prepared inverted PBDB-T:ITIC OSC is equal to 1, while a smaller 𝛽 of
0.99 is obtained for the as-prepared regular configuration PBDB-T:ITIC OSCs.

Figure 5.4. (a) JSC−lnI and (b) VOC−lnI plots of the as-prepared PBDB-T:ITIC
OSCs.
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VOC−I characteristics, measured for the as-prepared PBDB-T:ITIC OSCs,
shown in Figure 5.4 (b), are analyzed to aid in further studies on charge
recombination. A slope of 1.16 ∙

𝑘𝑇
𝑞

of the VOC−ln 𝐼 plot, measured for the as-

prepared inverted PBDB-T:ITIC OSCs is obtained. The slope of 1.28 ∙

𝑘𝑇
𝑞

is

obtained for the VOC−ln 𝐼 plot measured for the as-prepared regular configuration
PBDB-T:ITIC OSCs. This suggests that the bimolecular (non-geminate)
recombination becomes the dominating recombination process in the as-prepared
PBDB-T:ITIC OSCs, as a small slop, close to

𝑘𝑇
𝑞

, of the VOC−ln 𝐼 plots is typically

seen in the OSCs.
Jph−I plots obtained for the as-prepared and aged PBDB-T:ITIC OSCs,
operated at different Veff of 0.88 V (near JSC), 0.20 V (Pmax) and 0.12 V (near VOC),
are shown in Figure 5.5. The Jph−I characteristics obtained for the as-prepared
PBDB-T:ITIC OSCs approach unit over a broad Veff range from 0.12 V to 0.88V,
suggesting that the most of photo-generated charge carriers in the as-prepared
inverted and regular configuration OSCs can be collected efficiently. The Jph−I
plots, measured for the PBDB-T:ITIC OSCs that were aged in air for 50 days, are
shown in Figures 5.5 (c) and (d). However, the slope of the Jph−I plot of the aged
PBDB-T:ITIC OSCs with a regular configuration decreases with Veff, e.g., Jph−I plot
with a slope of 1.0 is seen for the aged regular configuration OSCs operated at a
high Veff of 0.88 V (near JSC condition), while a smaller slope of 0.87 is obtained
for the aged regular configuration OSCs operated at a low Veff of 0.12V (near VOC
condition). A decrease in the slope of the Jph−I plot is an indication of the poor
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charge extraction and an increased loss to the non-geminate recombination in the
aged regular configuration PBDB-T:ITIC OSCs. The analyses made with the Jph−I
plots, obtained for the aged PBDB-T:ITIC OSCs, agree well with the discussion
based on the 𝜂𝑐𝑐 results outlined in Figure 5.3.

Figure 5.5. Jph−lnI plots of the as-prepared (a) inverted and (b) regular
configuration OSCs, and the corresponding Jph−lnI plots of the aged (c) inverted
and (d) regular configuration OSCs, operated at JSC (Veff = 0.88 V), Pmax (Veff = 0.20
V) and near VOC (Veff = 0.12 V) conditions.

5.2 Stratification of PBDB-T:ITIC Blend
The stability of the nonfullerene OSCs is also closely associated with the change
in the morphology and vertical stratification of a polymer/nonfullerene BHJ in the
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OSCs. The vertical stratification of the PBDB-T/ITIC BHJ in the OSCs was
analyzed by measuring the relative ratio of the ITIC to PBDB-T at the bottom and
top surfaces of a binary blend PBDB-T:ITIC layer using XPS measurements. N1S
core level XPS peak is unique to the ITIC film, and S2P XPS peak is seen in the
pristine ITIC and PBDB-T layers. Therefore, the ratio of the N1S XPS peak area to
S2P XPS peak area (N1S/S2P), measured for the PBDBT:ITIC blend layer, is used to
denote the change in the relative composition of ITIC to PBDB-T on the bottom
and top surfaces of the PBDB-T:ITIC BHJ layer. The XPS wide scans measured for
the pristine PBDB-T and ITIC layers are plotted in Figure 5.6.

Intensity (a.u)

C1s

PBDB-T
O1s

S2p S2s
C1s

S2p S2s

ITIC
N1s O1s

200
400
600
Binding energy (eV)

800

Figure 5.6. XPS spectra measured for the pristine PBDB-T and ITIC films.

XPS wide scans and N1S XPS peaks, measured for the bottom and top surfaces
of the as-prepared PBDB-T:ITIC blend layer, are shown in Figure 5.7 (a),(b). The
corresponding XPS wide scans and N1S XPS peaks obtained for the bottom and top
surfaces of the aged PBDB-T:ITIC blend layer are shown in Figure 5.7 (c),(d). A
summary of the N1S/S2P ratios, obtained for the bottom and top surfaces of the as77

prepared and aged binary blend PBDB-T:ITIC layers is given in Table 5.2. It
becomes clear that the relative composition of the ITIC to PBDB-T, measured for
the bottom surface of the as-prepared PBDB-T:ITIC blend layer, is higher than that
measured for its top surface. This suggests that an inhomogeneous vertical phase
separation between the PBDB-T donor and ITIC acceptor occurs in the BHJ. It is
found that such a vertical stratification in the BHJ continues during the aging test.
The relative composition of the ITIC to PBDB-T obtained for the bottom surface of
the aged PBDB-T:ITIC blend layer is higher than that measured for the bottom
surface of the as-prepared PBDB-T:ITIC blend layer. Likewise, the relative
composition of the ITIC to PBDB-T measured the top surface of the aged PBDBT:ITIC blend layer is lower than that measured for the as-prepared binary blend
PBDB-T:ITIC layer. The results imply that a continuous ITIC/PBDB-T vertical
phase separation takes place in the BHJ during the aging test, leading to the
existence of BHJ with a PBDB-T-rich region toward the upper surface and an ITICrich region near the vicinity of the bottom surface in the OSCs.

Table 5.2. The area ratio of NIS XPS peak to S2P XPS peak, measured for the top
and bottom surfaces of the as-deposited and aged binary blend PBDB-T:ITIC film.

Surface

N1S/S2P ratio, representing the relative
composition of ITIC on the top and bottom
BHJ surfaces
As-prepared

Aged

Top

0.090

0.038

Bottom

0.262

0.429
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Figure 5.7. XPS spectra and N1S XPS peaks measured for the top and bottom
surfaces of the as-prepared and aged binary blend PBDB-T:ITIC layer.

The effect of the inhomogeneous vertical ITIC/PBDB-T phase separation in the
BHJ on the stability of the PBDB-T:ITIC OSCs was further analyzed by monitoring
the change in the ITIC/PBDB-T ratio on the bottom and top surfaces of the PBDBT:ITIC BHJ as a function of the aging time. The changes in the relative ITIC
composition on the bottom and top surfaces of a PBDB-T:ITIC blend layer as
function of the aging time are plotted in Figure 5.8. A continuous vertical
stratification of a BHJ is clearly demonstrated, forming a PBDB-T-rich bottom
surface and an ITIC-rich upper surface PBDB-T:ITIC BHJ during aging, as shown
in the insert in Figure 5.8. The presence of such a vertical stratification of the
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PBDB-T:ITIC BHJ is not beneficial for efficient charge transfers, as the holes are
forced penetrating to the ITIC-rich acceptor region prior to the collection by the
anode, giving rise to the bimolecular recombination loss in the regular configuration
OSCs.

Figure 5.8. The evolution of the N1S/S2P ratios, obtained for the bottom and top
surfaces of the PBDB-T:ITIC blend layer, as function of the aging time. Inset: a
schematic diagram illustrating the presence of a PBDB-T-rich upper surface and an
ITIC-rich bottom surface in the binary blend PBDB-T:ITIC layer, formed due to
the vertical stratification of a BHJ.

5.3 Interfacial Reaction
The ITIC molecule is an acceptor-donor-acceptor type molecule. It consists of
an indacenodithieno[3,2-b]thiophene (IDTT) central electron-donating unit and two
2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN) electron-withdrawing
end moieties, as shown schematically in Figure 2.5 (a). The intramolecular charge
transfer between the IDTT and INCN moieties in the ITIC molecule, caused by the
push-pull structure, extends light absorption in the long wavelength range, as
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compared to the fullerene acceptor, and enables the acceptor property. It is known
that INCN moieties in the ITIC molecule are very sensitive to the acidic
environment. According to the XPS analyses, an ITIC-rich bottom surface PBDBT:ITIC BHJ, caused by a continuous vertical phase separation process, is formed
during the aging test. Therefore, the ITIC molecules can be gradually destroyed due
to the interfacial reaction between the INCN moieties in the ITIC molecules near
the bottom of the ITIC-rich BHJ and acidic PEDOT:PSS HTL.
The interfacial reaction between the ITIC acceptor and PEDOT:PSS HTL in
the regular configuration OSCs was further studied by analyzing the change in the
quinoidal configuration in the PEDOT:PSS using Raman spectroscopy
measurements. Raman spectra measured for a pristine PEDOT:PSS layer and a
bilayer ITIC/PEDOT:PSS thin film are shown in Figure 5.9 (a). It is clear that
Raman spectrum measured for a pristine PEDOT:PSS layer has a characteristic
peak at a wavenumber of 1452 cm-1, which is associated with the quinoidal PEDOT
configuration in the PEDOT:PSS. An obvious shift in the characteristic peak,
having a peak wavenumber of 1456 cm-1, was observed in the Raman spectrum
measured for the bilayer ITIC/PEDOT:PSS film. The shift in the Raman peak
reflects the change in the quinoidal PEDOT configuration in the PEDOT:PSS,20
caused by the reaction between the electron-accepting INCN moieties in the ITIC
molecules and the positively charged PEDOT chains in the PEDOT:PSS HTL. As
a result, the reaction between the ITIC and PEDOT:PSS affects the original
intramolecular charge transfer between the IDTT and INCN moieties inside the
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ITIC molecules, destroying the ITIC acceptor property.

Figure 5.9. (a) Raman spectra measured for a pristine PEDOT:PSS layer and a
bilayer ITIC/ PEDOT:PSS thin film; UV-vis-NIR absorption spectra of (b) a
pristine ITIC layer, (c) a bilayer ITIC/PEDOT:PSS and (d) a pristine PBDBT-T and
a bilayer PBDB-T/PEDOT:PSS films under different light soaking times.

The visible light absorption spectra of the bilayer ITIC/PEDOT:PSS and
PBDB-T/PEDOT:PSS films were also measured to aid in further study on the
reaction between the ITIC and PEDOT:PSS. In order to represent the actual reaction
process occurred between ITIC and PEDOT:PSS in the OSCs during the aging test,
the absorption spectra of a pristine ITIC layer, a pristine PBDB-T layer, the bilayer
ITIC/PEDOT:PSS and PBDB-T/PEDOT:PSS films, as well as the ones aged under
a light soaking period of 1 h to 3 h were measured. The results are shown in Figure
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5.9 (b)-(d). There is no obvious change in the absorption spectra measured for the
pristine PBDB-T and bilayer PBDB-T/PEDOT:PSS films before and the after the
exposure to light. While the absorption spectra measured for the pristine ITIC and
bilayer ITIC/PEDOT:PSS films vary with light soaking time. The pristine ITIC
films exhibit a strong absorption peaked at ~700 nm, due to the π-π* transition and
intramolecular charge transfer between the IDTT and INCN moieties in the ITIC.26
From Figure 5.9 (c), it becomes clear that the intensity of the absorption peaks,
measured for the bilayer ITIC/PEDOT:PSS, over the wavelength from 500 nm to
800 nm, drop much faster than the ones measured for the pristine ITIC film, aged
under the same light soaking time. It is known that ITIC is a photo-unstable material.
The change in the absorption spectra of the pristine ITIC and the bilayer
ITIC/PEDOT:PSS films before and after light soaking, represents a variation in the
restriction of the intramolecular charge transfer between the IDTT and INCN
moieties in the ITIC molecule. A fast decrease in the absorption in the bilayer
ITIC/PEDOT:PSS film implies the reaction taking place between PEDOT:PSS and
ITIC, leading to a faster deterioration in the π-π* conjugation in the ITIC. The
absorption studies agree well with the analyses made with the Raman spectroscopy
measurements, unveiling the reaction between ITIC and PEDOT:PSS in the regular
configuration OSCs during aging.

5.4 Effect of Built-in Potential on Stability of Organic Solar Cells
We continuously monitored the change in V0 in the regular and inverted PBDB83

T:ITIC OSCs during the aging test. As discussed before, Eeff in the BHJ OSCs plays
a crucial role in charge transfer, as the photo-generated charge carriers drift with the
Eeff in the OSCs. A larger Eeff is desired for assisting the efficient charge transfer,
thereby suppressing the bimolecular recombination.
ITPC obtained for the as-prepared PBDB-T:ITIC OSCs, operated at different
external biases, are shown in Figure 5.10. ITPC, formed under Eeff in the OSCs, can
be balanced using a compensation external bias. The V0 in the PBDB-T:ITIC OSCs
was analyzed by regulating 𝑉𝑎 to offset V0 for ITPC approaching zero. For the
inverted PBDB-T:ITIC OSCs, ITPC reaching zero when an external offsetting
voltage of 1.2 V was applied, as shown in Figure 5.10 (a). Lower 𝑉𝑎 of ~0.9 V
was required for compensating V0 in the regular configuration OSCs, as indicated
in Figure 5.10 (b). The transient photocurrent measurements suggest that the
inverted PBDB-T:ITIC OSCs possess a relatively higher V0 as compared to the one
measured for the regular configuration PBDB-T:ITIC OSCs. The optimal inverted
OSCs had a 90 nm thick BHJ, and the best performing regular configuration OSCs
had a 110 nm thick BHJ. According to Equation 3.11, a combination of a higher V0
and a thinner BHJ leads to a superior high Eeff in the inverted PBDB-T:ITIC OSCs.
Therefore, it is anticipated that the inverted PBDB-T:ITIC OSCs with higher Eeff
are more favorable for efficient charge transfer, thereby increasing charge
extraction probability.
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Figure 5.10. Transient photocurrents measured for the as-prepared (a) inverted and
(b) regular configuration PBDB-T:ITIC OSCs at different reverse biases.

To identify the degradation pathways, the different operational stability profiles
of the regular and inverted PBDB-T:ITIC OSCs were studied through an analysis
of V0 during the aging test. The variation in aging time-dependent normalized V0
values obtained for both types of the PBDB-T:ITIC OSCs, are plotted in Figure
5.11. We found that V0 in the inverted cells retained almost constant during the aging
test. However, the regular configuration OSCs with a 25% drop in V0 were observed
after a 50-day aging test. A stable V0 or a steady large Eeff in the OSCs is a
prerequisite for the efficient and stable operation of the cells, as manifested by the
inverted OSCs in this case. The analyses of V0 in the OSCs agree with the discussion
made with the Jph−I characteristics of the OSCs. It reveals that the efficient charge
extraction is closely associated with a higher Eeff. The charge accumulation leads to
a lower Eeff in the cell, and therefore resulting in a drop in the slope of the Jph−I plot
of the aged regular configuration OSCs, as shown in Figure 5.5 (d).
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Figure 5.11. Normalized V0–aging time characteristics, measured for both types of
the PBDB-T:ITIC OSCs using TPC measurements.

Based on the TPC measurements, it becomes clear that a persistent drop in V0
across the BHJ is one of the main reasons responsible for the decrease in VOC of the
regular configuration PBDB-T:ITIC OSCs during the aging test, as shown in
Figure 5.2 (a). The efficiency of charge transfer in the nonfullerene OSCs depends
on several factors such as the relative LUMO and HOMO energy levels of polymers
and acceptors, inhomogeneous vertical stratification of PBDB-T and ITIC in a BHJ,
as well as V0 in the OSCs. To identify the cause of the decrease in Eeff in the regular
configuration PBDB-T:ITIC OSCs, aging time-dependent VOC of the regular
configuration cells made with different HTLs of PEDOT:PSS, PEDOT:PSS/MoO3
and MoO3 was examined. The corresponding aging time-dependent VOC of the
inverted OSCs was also measured for comparison studies. The normalized VOC
values, obtained for different OSCs, are plotted in Figure 5.12. It shows clearly that
VOC measured for the regular configuration PBDB-T:ITIC OSCs with a
PEDOT:PSS HTL drops progressively with the time. However, a stable VOC for the
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inverted OSCs is observed during the same aging test.
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Figure 5.12. The normalized VOC, measured for the inverted PBDB-T:ITIC OSCs
(control) and regular configuration cells with different HTLs of PEDOT:PSS,
PEDOT:PSS/MoO3 and MoO3, as a function of the aging time.

Such an inevitable interfacial interaction causes a continuing decrease in V0
across the BHJ, and hence a persistent drop in VOC in the regular configuration
OSCs

having

a

PEDOT:PSS

HTL.

The

interfacial

reaction

at

the

PEDOT:PSS/ITIC-rich BHJ interface can be circumvented by introducing an
interfacial passivation layer. As shown in Figure 5.12, the decrease in VOC can be
well suppressed when a bilayer PEDOT:PSS/MoO3 HTL or an MoO3 HTL was
replaced for the PEDOT:PSS HTL in the regular configuration PBDB-T:ITIC OSCs.

5.5 Summary
The continuous deterioration in the ITIC molecules, originated by the
unavoidable interfacial reaction at the ITIC-rich BHJ/PEDOT:PSS HTL interface
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in the regular configuration PBDB-T:ITIC OSCs, is apparently not beneficial for
charges to find the percolated pathways to their respective electrodes. The presence
of unbalanced charge mobility in the polymer/nonfullerene acceptor BHJ can then
lead to the increase in charge recombination losses, lower the charge extraction
probability and PCE. Thus, retaining a stable and high V0 across the BHJ via
interfacial modification or device engineering, e.g., as seen in the inverted PBDBT:ITIC OSCs, becomes a prerequisite for efficient and stable operation of the
nonfullerene OSCs.
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Chapter 6: Thermal Stability of PBDB-TF:IT-4F Based
Organic Solar Cells
As discussed in Chapter 5, the reduction in V0 and thereby affected the stability
of the regular nonfullerene OSCs is due to the interfacial reaction at the
PEDOT:PSS/ITIC-rich BHJ interface. When a passivation layer such as MoO3 was
introduced, this interfacial reaction can be suppressed leading to an obvious
improvement in the stability of OSCs. The results reveal that PCE of OSCs with a
pure MoO3 or a bilayer PEDOT:PSS/MoO3 HEL is relatively lower than that of a
control OSC prepared with a pristine PEDOT:PSS HEL. To address this issue, we
propose to use a solution-processable MoO3-doped PEDOT:PSS HEL to address
this issue. This approach is applicable to nonfullerene OSCs for achieving high
efficiency and stability.

6.1 MoO3-doped PEDOT:PSS Hole Transporting Layer
It was reported that solution-processed MoO3 nanoparticles doped
PEDOT:PSS could enhance the networking between the conducting PEDOT units
and improve its electric conductivity and work function.20 A HEL with high electric
conductivity and work function may facilitate hole extraction at the
anode/interlayer interface in OSCs. Thus, the effect of the MoO3-doped
PEDOT:PSS HEL on PCE and the stability of regular configuration OSCs was
analyzed.
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The synthesis of solution-processed MoO3 nanoparticles is described in
Chapter 3. The MoO3-doped PEDOT:PSS solutions with different volume ratios of
PEDOT:PSS to MoO3 of 4:1, 3:1, 2:1, 1:1, 1:2 and 1:3 were formulated. PBDBT:IT-4F-based regular OSCs with a layer configuration of ITO/MoO3-doped
PEDOT:PSS/PBDB-TF:IT-4F/ZnO/Ag were fabricated. Control OSCs made with
two different HELs of PEDOT:PSS and MoO3 were also prepared for comparison
studies. Their J–V characteristics and EQE spectra are plotted in Figure 6.1, and
cell parameters are summarized in Table 6.1. OSCs with a PEDOT:PSS HEL
achieved an average efficiency of 13.41%, JSC of 23.91 mA/cm2, VOC of 0.86 V, and
FF of 65.30%. OSCs with a MoO3 HEL had a relatively lower PCE of 9.92%, JSC
of 18.68 mA/cm2, VOC of 0.77 V, and FF of 68.59%. The performance of the OSCs
made with the MoO3-doped PEDOT:PSS HEL having different volume ratios of
PEDOT:PSS to MoO3 was also analyzed and optimized. When hybrid PEDOT:PSS
and MoO3 solution with a volume ratio of 1:1 was used as HEL in OSCs, it leaded
to the best cell performance with a PCE of 13.19%, JSC of 21.71 mA/cm2, VOC of
0.86 V, and FF of 70.56%, which are similar to that of a control OSC with a
PEDOT:PSS HEL, and outperformed than that of a control OSC with a pure MoO3
HEL. The results of EQE spectra plotted in Figure 6.1 (b) match well with J–V
performances: OSCs with a MoO3 HEL possessed a lower external quantum
efficiency over the whole wavelength region as compared to OSCs with a pristine
PEDOT:PSS HEL and a MoO3-doped PEDOT:PSS HEL, suggesting an efficient
exciton generation and charge transfer process in OSCs with a MoO3-doped
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PEDOT:PSS HEL.

Figure 6.1. J–V and EQE characteristics measured for the PBDB-TF:IT-4F based
regular configuration OSCs with different HTLs of PEDOT:PSS, MoO3, and
MoO3-doped PEDOT:PSS.
Table 6.1. Summary of cell parameters of the PBDB-TF:IT-4F based regular
configuration OSCs with different HTLs of PEDOT:PSS, MoO3, and MoO3-doped
PEDOT:PSS.
HEL

JSC
(mA/cm2)

VOC
(V)

FF
(%)

PCE (best)
(%)

PEDOT:PSS

23.91±0.31

0.86±0.00

65.30±0.56

13.41±0.09
(13.48)

MoO3

18.69±0.41

0.77±0.00

68.59±0.46

9.92±0.20
(10.20)

PEDOT:PSS+MoO3
(4:1)

21.98±0.20

0.86±0.00

67.83±1.64

12.87±0.28
(13.10)

PEDOT:PSS+MoO3
(3:1)

21.97±0.44

0.86±0.00

68.32±1.04

12.91±0.24
(13.28)

PEDOT:PSS+MoO3
(2:1)

21.97±0.08

0.86±0.00

69.01±0.04

13.01±0.06
(13.07)

PEDOT:PSS+MoO3
(1:1)

21.71±0.16

0.86±0.00

70.56±0.06

13.19±0.14
(13.34)

PEDOT:PSS+MoO3
(1:2)

20.96±0.17

0.86±0.00

71.58±0.32

12.88±0.11
(13.04)

PEDOT:PSS+MoO3
(1:3)

21.80±0.18

0.85±0.00

67.26±0.66

12.53±0.03
(12.56)
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The surface electronic properties of different HELs were analyzed by XPS
measurements. The Mo3d XPS measured for MoO3 and MoO3-doped PEDOT:PSS,
and S2p XPS measured for PEDOT:PSS and MoO3-doped PEDOT:PSS are shown
in Figure 6.2. The valence electronic state of Mo atoms in MoO3 layer was studied.
XPS measured for Mo6+ with spectra peaks at 236.02 eV and 232.82 eV were
simulated. While the XPS spectra measured for Mo5+ with peaks located at 235.02
eV and 231.92 eV were observed in MoO3-doped PEDOT:PSS layer. The presence
of Mo5+ in MoO3-doped PEDOT:PSS film is related to the oxidation of PEDOT in
PEDOT:PSS, due the charge transfer and the chemical reaction between MoO3 and
PEDOT units. The XPS S2p peak observed over the binding energy range from 166
eV to 172 eV can assigned to the contribution of the S atoms in PSS, while XPS S2p
peak seen over the binding energy range from 162 eV to 166 eV is associated with
the contribution by the S atoms in PEDOT:PSS. The area ratio of S2p (PSS) and S2p
(PEDOT) spectra was calculated to aid in further analyses on the interaction
between MoO3 and PEDOT that causes the change in the ratio of PSS to PEDOT.
The ratio of PSS to PEDOT in the pristine PEDOT:PSS layer is 7.92, and a ratio of
PSS to PEDOT of 5.47 was obtained for the MoO3-doped PEDOT:PSS HEL,
prepared with a volume ratio of MoO3 to PEDOT:PSS of 1:1 ratio. Since MoO3
nanoparticles are dissolved in IPA solvent which may have an effect on the
electronic property of PEDOT:PSS, the XPS S2p spectrum measured for the
PEDOT:PSS film prepared using a mixed solution of IPA and PEDOT:PSS was
measured, the results are plotted in Figure 6.3. The ratio of PSS to PEDOT obtained
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for the PEDOT:PSS prepared by the mixed solution of IPA and PEDOT:PSS is 5.05,
which is also lower than that measured for PEDOT:PSS film and similar to that
measured for MoO3-doped PEDOT:PSS. It shows that the addition of IPA helps to
enhance the connection between PEDOT units in PEDOT:PSS film.

Figure 6.2. The Mo3d XPS spectra measured for (a) MoO3 and (b) MoO3-doped
PEDOT:PSS films, and the S2p XPS spectra measured for (c) PEDOT:PSS and (d)
MoO3-doped PEDOT:PSS films.
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Figure 6.3. The S2p XPS spectra measured for the PEDOT:PSS film prepared by
the mixed solution of IPA and PEDOT:PSS.

The work function of MoO3-doped PEDOT:PSS HEL was analyzed by
ultraviolet photoelectron spectroscopy (UPS) measurements. The UPS spectra
measured for MoO3-doped PEDOT:PSS layer is plotted in Figure 6.4, and the UPS
spectra measured for the pristine PEDOT:PSS and the one prepared using IPA and
PEDOT:PSS mixed solution are also plotted in Figure 6.4 for comparison studies.
The work function (𝜙𝑚 ) of these HELs can be calculated by Equation 6.1:

𝜙𝑚 = ℎ𝜈 − 𝑊,

(6.1)

where ℎ is the Planck constant, 𝜈 is the photon frequency, 𝑊 is the width of
binding energy between the Fermi ledge and the secondary electrons cut-off as
presented in Figure 6.4. The locations of secondary electron cut-off in UPS spectra
measured for the thin films of MoO3-doped PEDOT:PSS, pristine PEDOT:PSS and
the prepared by the IPA and PEDOT:PSS mixed solution (inset in Figure 6.4) are
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16.00 eV, 16.03 eV and 16.09 eV, having a corresponding WF of 5.22 eV, 5.19 eV
and 5.13 eV, respectively. A 0.03 eV increase in the work function of the hybrid
MoO3-doped PEDOT:PSS layer was observed as compared to that measured for a
pristine PEDOT:PSS film. An increase in the WF of the HEL helps to reduce the
interfacial barrier at the HEL/BHJ interface, favorable for charge extraction at
anode/HEL interface in OSCs.

Figure 6.4. (a) The UPS spectra measured for PEDOT:PSS, MoO3-doped
PEDOT:PSS and the layer prepared using IPA and PEDOT:PSS mixtured solution;
(b) the schematic energy level diagram of PBDB-TF:IT-4F based OSCs made with
different HELs of pristine PEDOT:PSS, MoO3-doped PEDOT:PSS and the one
prepared using IPA and PEDOT:PSS mixture solution.

6.2 Electronic Properties of MoO3-doped PEDOT:PSS Layer
The vertical stratification of PBDB-T and IT-4F in BHJ was analyzed by
analyzing the change in the relative composition ratio of PBDB-T to IT-4F on the
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top and bottom surfaces of the blend layer using XPS measurements. XPS spectra
measured for pure IT-4F film and pure PBDB-TF film are shown in Figure 6.5 (a).
S2p, S2s, C1s, O1s and F1s elements are observed in IT-4F film and PBDB-TF film,
but N1s element is only seen in IT-4F film. Thus, the ratios of elemental composition
of N1s to F1s (N1s/F1s) and N1s to S2p (N1s/S2p), measured for the top and bottom
surfaces of the sample, reflect the possible change in the vertical distribution of
PBDB-TF and IT-4F in the blend layer. The wide scan, N1s, F1s, and S2p XPS spectra
measured for the bottom surface and top surface of the blend layer are plotted in
Figure 6.5 (b), in which all the elements consisting of IT-4F and PBDB-TF were
detected. Figure 6.5 (c) and (d) present the ratios of N1s/F1s and N1s/S2p obtained
for the bottom surface and top surface of PBDB-TF:IT-4F layer as a function of the
aging time. The N1s/F1s and N1s/S2p ratios measured for bottom surface are higher
than those measured for the top surface for as-prepared IT-4F:PBDB-TF samples,
illustrating that the distribution of IT-4F in the BHJ layer is not uniform. There is
an IT-4F-rich region towards the bottom surface of the blend layer. It shows that the
N1s/F1s and N1s/S2p ratios measured for the bottom surface increase with the aging
time, and those measured for the top surface decline with the aging time. These
results prove that an inhomogeneous vertical stratification between PBDB-TF and
IT-4F occurs continuously in the BHJ during the aging period, resulting in an IT4F-rich region towards the bottom surface and a PBDB-TF-rich region towards the
top surface in the BHJ layer.
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Figure 6.5. XPS spectra measured for (a) a pure PBDB-TF layer and a pure IT-4F
layer, (b) the bottom and top surfaces of a PBDB-TF:IT-4F blend layer; (c) N1s/F1s
and (d) N1s/S2p ratios obtained for the bottom and top surfaces of the PBDB-TF:IT4F blend layer as a function of the aging time.

Chemical stable HEL is very important to the stability of OSCs with an IT-4Frich region towards the bottom of BHJ layer. As discussed in Chapter 5, the
interfacial reaction between the nonfullerene acceptor and PEDOT:PSS HEL is one
of the main reasons that causes the reduction in V0 across the BHJ, and thereby the
stability of nonfullerene OSCs. The possible chemical reaction between MoO3doped PEDOT:PSS and IT-4F nonfullerene acceptor at the HEL/BHJ interface in
the PBDB-TF:IT-4F based OSCs was also analyzed using Raman spectroscopy and
XPS measurements. The IT-4F layers were deposited on different HELs of
PEDOT:PSS and MoO3-doped PEDOT:PSS using spin-coating. Raman spectra
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measured for the IT-4F layers overlaid on the PEDOT:PSS and MoO3-doped
PEDOT:PSS layers were measured, the results are plotted in Figure 6.6. Raman
spectrum of a pristine PEDOT:PSS was also measured to aid in further investigation
on the change in the quinoidal PEDOT structure, induced by the interaction reaction
between MoO3 and PEDOT in PEDOT:PSS. PEDOT quinoidal structure has an
intrinsic peak in Raman spectrum at a wavenumber of 1451 cm-1. An obvious peak
shift of 6 cm-1 in the Raman spectrum was observed, measured for a PEDOT:PSS
overlaid with a thin IT-4F layer (1445 cm-1), implying an interfacial reaction
between PEDOT and IT-4F taking place at the PEDOT:PSS/IT-4F interface. As
shown in Figure 2.3, the molecular structure of IT-4F has two electron-withdrawing end moieties (INCN) and electron-donating unit (IDTT). The charge
transfer between INCN moieties and positively charged PEDOT components is
likely to take place due to the interaction between PEDOT and INCN at the
PEDOT:PSS/IT-4F interface . The shift observed in the Raman spectrum, measured
for the bilayer PEDOT:PSS/IT-4F sample, illustrates an obvious change in the
intrinsic peak position, assigned to the quinoidal configuration in PEDOT, in the
Raman spectrum. However, no obvious shift in peak position is observed for Raman
spectrum measured for the bilayer MoO3-doped PEDOT:SS/IT-4F sample as
compared to that measured for the PEDOT:PSS/IT-4F sample. It implies that the
interaction between PEDOT units and INCN moieties at the PEDOT:PSS/IT-4F
interface can be averted at the MoO3-doped PEDOT:PSS/IT-4F interface. This
suggests that the avoidance of charge transfer between and PEDOT units and INCN
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moieties at the HEL/BHJ interface would play a significant role in prolonging the
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Figure 6.6. Raman spectra measured for the IT-4F layers deposited on PEDOT:PSS
and MoO3-doped PEDOT:PSSHELs, Raman spectrum measured for a pristine
PEDOT:PSS is also plotted for comparison.

6.3 Thermal Stability of PBDB-TF:IT-4F Based Organic Solar Cells
The performance of PBDB-TF:IT-4F-based OSCs with different HELs of
PEDOT:PSS and MoO3-doped PEDOT:PSS was analyzed. The layer thicknesses of
PEDOT:PSS, MoO3-doped PEDOT:PSS HELs, and BHJ were optimized for
attaining the high efficiency. The J–V characteristics and EQE spectra measured for
optimized OSCs with a MoO3-doped PEDOT:PSS HEL and a pristine PEDOT:PSS
HEL (control cell) are shown in Figure 6.7. Their cell parameters are summarized
in Table 6.2. The average PCE of 13.66% (with a highest PCE of 14.00%), JSC of
24.88 mA/cm2, VOC of 0.86 V, and FF of 64.07% were obtained for the control cell.
A comparable average PCE of 13.30% (with a highest PCE of 13.34%), JSC of 22.55
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mA/cm2, VOC of 0.86 V, and FF of 68.75% were obtained for the OSCs with a
MoO3-doped PEDOT:PSS HEL. This suggests that the use of the MoO3-doped
PEDOT:PSS HEL enables to eliminate the undesired interfacial reaction between
PEDOT units and INCN moieties at the HEL/IT-4F interface, benefiting for longterm stable operation of the nonfullerene OSCs.
The EQE spectra of measured for the OSCs made with a MoO3-doped
PEDOT:PSS HEL and a control cell with a pristine PEDOT:PSS HEL are plotted
in Figure 6.7 (b). The OSCs with a MoO3-doped PEDOT:PSS HEL and control cell
had the similar EQE characteristics. The slight deviation in the EQE spectra of the
OSCs over the wavelength range from 500 nm to 750 nm is due to the difference in
the BHJ thickness.

Figure 6.7. (a) J–V and (b) EQE characteristics measured for the PBDB-TF:IT-4Fbased OSCs with a MoO3-doped PEDOT:PSS HEL and a pristine PEDOT:PSS
(control cell).
The stability of OSCs with a MoO3-doped PEDOT:PSS HEL and a pristine
PEDOT:PSS HEL (control cell) was analyzed. The normalized JSC, VOC, FF and
PCE of the PBDB-TF:IT-4F based OSCs as a function of aging time are plotted in
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Table 6.2. Cell parameters obtained for the PBDB-TF:IT-4F-based OSCs with an
MoO3-doped PEDOT:PSS HEL and a pristine PEDOT:PSS HEL (control cell).
Cell
configuration

PCE (best)
(%)

JSC
(mA/cm2)

VOC
(V)

FF
(%)

PEDOT:PSS

13.66±0.22
(14.00)

24.88±0.75

0.86±0.00

64.07±1.18

MoO3-doped
PEDOT:PSS

13.30±0.02
(13.34)

22.55±0.50

0.86±0.00

68.75±1.29

Figure 6.8. OSCs were encapsulated after fabrication to prevent the oxygen and
moisture encroachment and were stored in air. The aging test was conducted at room
temperature. It becomes clear that the OSCs with a MoO3-doped PEDOT:PSS HEL
showed a slow degradation, with a 7% decrease in JSC, a 25% reduction in VOC, a
20% loss in FF and a 50% drop in PCE after a 80-day aging period. However, the
efficiency of a control OSC degraded to half of its original PCE only after aged for
15 days, due to the interfacial reaction between PEDOT and INCN moieties IT-4F
at the PEDOT:PSS/BHJ interface. The use of MoO3 nanoparticles in the HEL helps
to suppress the charge transfer between PEDOT units and INCN moieties in IT-4F,
which is beneficial for efficient and stable operation of nonfullerene OSCs.
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Figure 6.8. Normalized (a) JSC, (b) VOC, (c) FF and (d) PCE measured for PBDBTF:IT-4F OSCs with a MoO3-doped PEDOT:PSS HEL and a pristine PEDOT:PSS
(control cell) as a function of aging time.

The accelerated thermal stability of OSCs was also examined by analyzing the
performance of the OSCs stressed at 85℃. The encapsulated OSCs were stressed
at 85℃ in air. The normalized JSC, VOC, FF and PCE measured for the thermally
stressed OSCs as a function of aging time were plotted in Figure 6.9. The JSC of
control device decreased dramatically during annealing treatment, declining by
around 40% after 1400 min, while only around a 20% drop in JSC was observed for
OSCs with a hybrid HEL. VOC and FF measured the OSCs with a MoO3-doped
PEDOT:PSS HEL had a generally slower decrease as compared to the control cell
in the accelerated thermal aging test. The PCE of a control OSC dropped to half of
its original value after an accelerated thermal aging test for 40 min. It requires 10
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times longer (360 min) for OSCs with a MoO3-doped PEDOT:PSS HEL to reach
50% of from its rom its initial PCE. The use of a MoO3-doped PEDOT:PSS HEL
has the advantage in improving the thermal stability of nonfullerene OSCs.

Figure 6.9. Normalized (a) JSC, (b) VOC, (c) FF and (d) PCE measured for PBDBTF:IT-4F OSCs with a MoO3-doped PEDOT:PSS HEL and a control cell as a
function of thermally annealing time.

To further understand the stability of PBDB-T:IT-4F OSCs with pure
PEDOT:PSS and MoO3-doped PEDOT:PSS HELs, the built-in potential as a
function of the aging time was examined,, the results are presented in Figure 6.10.
The decrease of V0 matches well with the VOC shown in Figure 6.8 (b), dropping
fast in the first 20 days and then remaining steadily. However, the V0 for the OSCs
with a MoO3-doped PEDOT:PSS HEL had a moderate decrease compared to that
in a control OSC with a pristine PEDOT:PSS HEL, reducing to 35% of its original
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value after a 80-day aging test. There is a totally 45% decrease in control devices
during the aging test. The effect of the MoO3-doped PEDOT:PSS HEL on thermal
stability of PBDB-TF:IT-4F OSCs was analyzed. It becomes clear that the reduction
in V0 in the OSCs with a MoO3-doped PEDOT:PSS HEL can be greatly reduced as
compared to the control cell, which was caused by the interfacial reaction between
PEDOT and INCN moieties in IT-4F. The finding of this work is very exciting,
providing an approach for improving the thermal stability of nonfullerene OSCs.
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Figure 6.10. Normalized V0 measured for PBDB-TF:IT-4F OSCs with a MoO3doped PEDOT:PSS HEL and a control cell with a PEDOT:PSS HEL.

6.3 Summary
In this chapter, the thermal stability of high-efficiency PBDB-TF:IT-4F OSCs
with a PCE of 14% has been studied. It shows that the MoO3-doped PEDOT:PSS
HEL has three advantages: (1) it increases the WF of the HEL to assist in hole
extraction, (2) it helps to suppress the interfacial reaction between PEDOT units
and INCN moieties in IT-4F at the HEL/BHJ interface as compared to the
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conventional PEDOT:PSS HEL used in nonfullerene OSCs, and (3) the use of the
hybrid HEL improves the thermal stability of nonfullerene OSCs. As a result, the
OSCs with a MoO3-doped PEDOT:PSS HEL possess a high PCE of 13.34% which
is similar to the control device and more than 10 times enhancement in thermal
stability.
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Chapter 7: Summary and Future Work
7.1 Summary
The

stable

operation

of

highly

efficient

OSCs

using

different

nonfullerene/polymer blend systems, e.g., PTB7-Th:ITIC, PBDB-T:ITIC and
PBDB-T-2F:IT-4F have been investigated. The effects of buildup of space charges,
charge extraction, and bimolecular recombination processes on the performance
and the stability of the nonfullerene OSCs were analyzed using a combination of
the TPC technique and light intensity-dependent J−V characteristics. XPS
measurement revealed that there exists a donor/acceptor vertical phase separation
in the polymer:nonfullerene blend layer, with an obvious acceptor-rich region
present towards the bottom region of the BHJ.
The effects of V0, charge extraction, and bimolecular recombination processes
on the performance and stability of nonfullerene OSCs with regular and reverse
configurations were studied. It shows that high-performing inverted PTB7-Th:ITIC
OSCs benefit from the combined effects of: (1) suppression of bimolecular
recombination enabled by an augmented effective internal electric field, and (2)
improvement of charge extraction by avoiding the holes passing through ITIC-rich
region, which would otherwise occur in a regular configuration cell. The inverted
PTB7-Th:ITIC OSCs possess a significant improvement in the cell stability, and a
PCE of 8.0%, which is >29% higher than that of an optimized regular configuration
control cell (6.1%).
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Our results reveal that the interfacial reaction between nonfullerene acceptor
(ITIC) and PEDOT:PSS HTL is one of the reasons responsible for a gradual
decrease in V0 and hence the performance deterioration in the regular configuration
PBDB-T:ITIC OSCs. The regular and inverted configuration PBDB-T:ITIC OSCs
had the similar initial PCE of around 10%. It shows that the PBDB-T:ITIC OSCs
with a reverse configuration are superior to the ones with a regular configuration
for efficient and stable operation, having less than 3% drop in PCE during an aging
test. The TPC and light-intensity dependent J–V characteristic measurements
revealed that the stable and high V0 across BHJ leads to the efficient and stable
operation of the inverted PBDB-T:ITIC OSCs. The reduction in V0, caused by an
inevitable reaction at the ITIC/PEDOT:PSS interface in the OSCs, can be
suppressed by introducing an interfacial passivation layer, e.g., a thin MoO3
interlayer.
The effects of the HTL engineering, using different HTLs of PEDOT:PSS,
MoO3-doped PEDOT:PSS, MoO3, on the stability of PBDB-T:IT-4F OSCs were
also analyzed. It shows that the use of an MoO3-doped PEDOT:PSS HEL is
favorable for efficient and stable operation of the nonfullerene OSCs. The possible
interaction between PEDOT units and INCN moieties in ITIC were not observed at
the BHJ/MoO3-doped PEDOT:PSS HEL interface. Overall, retaining a stable and
high V0 across the BHJ through interfacial modification and device engineering is a
prerequisite for efficient and stable operation of nonfullerene OSCs.

107

7.2 Future Work
The emerging nonfullerene acceptors have greatly assisted in increasing PCE
of OSCs. Highly efficient nonfullerene OSCs (single junction) with an efficiency
of 15.7% has been reported recently.45 Apart from the high PCE, the stability is
another key issue for commercialization of OSCs. The outcomes of this work
indicate that nonfullerene acceptor materials have a profound impact on the
performance of OSCs, including charge recombination processes, built-in potential,
vertical phase separation in a BHJ. However, researches on the stability of
nonfullerene-based OSCs are still limited, e.g., effects of the building units (core
groups, end groups and side chains) of the nonfullerene acceptors, size and shape
(morphology) of nonfullerene acceptor aggregate or polymer crystallites at the
different scales on the charge transport properties in the nonfullerene OSCs. The
key issues causing the degradation in OSCs and how nonfullerene acceptors affect
the efficiency and stability of OSCs remain unclear. It is necessary to identify the
degradation pathways through analyses of the charge transport properties in a BHJ
and to find solutions to enhance the operational stability of OSCs.
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