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Abstract
Significant progress has been achieved recently in the development of solution-processed
organic photovoltaic devices, and they are now in the early stages of commercialization. However,
achieving a smooth and homogenous film morphology without disturbing the optical and
electronic properties of the active layer remains a crucial challenge to overcome for developing
small-molecule materials. Strong molecular forces between conjugated small molecules can result
in the nucleation of molecular crystals in solution, thereby resulting in an incomplete film coverage
with high surface roughness. In addition, most small-molecule donor and acceptor materials tend
to crystallize rapidly during solvent and thermal annealing to yield films of poor quality with
polycrystalline small domains separated by grain boundaries, which act as electron traps and limit
the long-range transport of electrons, and thusly impacting negatively device performance.
To improve film quality with enhanced efficiency, several efforts are focused on molecular
design which is based on high solubility, high optical absorption, high charge carrier mobility and
a high interfacial gap between donor and acceptor. The approach studied herein consists in
improving the film quality of PV devices by synthesizing amorphous glass-forming donors and
acceptors with improved optical and electronic properties. Organic molecular glasses are a class
of glass-forming materials that usually show outstanding glass-forming ability, and high kinetic
stability towards crystallization. Organic materials functionalized with glass-forming
mexylaminotriazine derivatives can remain indefinitely in the amorphous state at working
temperatures, thereby preserving their optical and electronic properties. In this thesis, we
developed molecular glasses functionalized with n- and p-type organic small molecules and
studied their optoelectronic and photovoltaic properties.
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This thesis mainly focuses on the optical, electronic and photovoltaic properties of target
mexylaminotriazine-functionalized amorphous donor and acceptor materials which show
outstanding PV performance compared to their crystalline analogues. In addition, the structural
and morphological properties of their respective thin films studied by XRD, AFM and SEM are
also discussed.
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Chapter 1
Introduction and Background
1.1 Organic Conjugated Materials
1.1.1 Conjugated Polymers
Conjugated polymers are a class of synthetic polymers which have a polymer backbone
with alternating single and double bonds. The unique electrical properties of conjugated polymers
arise from the conjugated chemical structure of their polymer backbones, [1] thereby allowing the
weakly bound delocalized π-electrons to be shared at the carbon centers across the polymer
backbone. These electrons can move easily along a polymer chain, but with difficulty between
neighbouring polymer molecules [2]. Unlike most of the polymers, conjugated polymers are highly
colored due to low π-π* electronic transition. Delocalization also results in a rigid and planar
structure, which allows for the greatest extent of π orbital overlap. The rigidity of conjugated
polymers allows the polymer chains to pack efficiently which result in lower solubility. As a result,
these polymers are often functionalized with peripheral alkyl chains to increase their solubility.
Conjugated polymers have gained significant attention since the discovery of metallic
conductivity in polyacetylene in the 1970s by Hideki Shirakawa, Alan Heeger, and Alan
MacDiarmid [3]. They found that the conductivity of polyacetylene was in the order of 103 S/cm
after doping with electron-withdrawing AsF5. They were jointly awarded the Nobel Prize in
Chemistry in 2000 in recognition of their discovery of polyacetylene. Conjugated polymers
become conducting polymers after doping, in analogy to inorganic semiconductors. For instance,
high conductivity can be achieved in polyacetylene and polyaniline by choosing an appropriate
dopant [2]. The doping (adding impurities) in conjugated polymers induces either oxidation or
1

reduction. Oxidative doping produces p-type materials and reductive doping produces n-type
materials. P-type materials show large hole concentration and less electron concentration resulting
in positive charges. Conversely, n-type materials show a high electron concentration and a lower
hole concentration. However, as compared to inorganic materials, the concentration of dopants in
organic materials is extremely high (more than 10% by weight) [1]. In contrast, doped silicon has
a doping fraction ranging from parts per billion to parts per thousands (less than 10-5 %). The most
commonly used dopants in silicon are boron, arsenic, phosphorus and gallium.
The most widely used conducting polymer in polymer electronics is poly(3,4ethylenedioxythiophene) (PEDOT). It was initially an insoluble polymer, which limited using its
high conductivity and thermal stability for practical applications [4]. The solubility problem was
later solved by using a water-soluble polyelectrolyte, poly(styrene sulfonic acid (PSS). This
combination resulted in a water-soluble polyelectrolyte system (PEDOT: PSS) with good filmforming properties, high conductivity, high stability and high light transmissivity. It has emerged
as a promising material for hole transport layers and transparent electrodes (anode) in polymer
optoelectronic devices [5]. PEDOT is an appealing transparent polymer electrode material for
flexible electronic devices because of its mechanical flexibility and it does not fracture or
delaminate easily when the substrate is bent. Furthermore, it has many advantages over other
conducting polymers such as high transparency in the visible range, excellent thermal stability and
outstanding water solubility. Consequently, it has been widely used as a buffer layer for electrodes
in organic electronics and as a material for inkjet printing. However, pure PEDOT: PSS suffers
from low conductibility, which can be enhanced by adding a solvent such as dimethyl sulfoxide
(DMSO) or N,N- dimethylformamide (DMF) to PEDOT:PSS solutions [6].
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In recent years, semiconducting conjugated polymers have attracted considerable attention
in both academia and industry due to their structural, chemical and optical properties. They are
promising materials for flexible organic electronic devices such as organic light emitting diodes
(OLEDs), organic photovoltaic (OPV) cells, and organic thin-film transistors (OTFTs) [7].
Polymer light-emitting diodes (PLEDs) are very promising for display applications [2].
Poly(p-phenylene vinylene) was first polymer used in PLED as the light emitting material and
recently there are numerous polymers used in PLEDs. The polymers used in PLEDs should be
highly luminescent, emit light of the desired colour and form good films by deposition from
solution. A PLED consists of nanoscale thin layers of two polymer films sandwiched between two
electrodes. Among two polymer layers, one acts as the hole transport layer and other acts as the
light emissive layer. An Indium tin oxide (ITO), has a relatively high work function, is generally
used as hole injecting electrode while low work function metal such as Al or Ca is used for electron
injection. Once a positive electrical potential with respect to the cathode is applied on the anode,
holes are injected from the anode to the hole-transporting layer while the electrons are injected
from cathode. The injected holes and electrons respectively move towards the opposite electrodes
and recombine within the region of the emissive polymer resulting in light emission.
Conjugated polymers for OTFT and OPV should contain two essential structural features.
The first is a π-conjugated backbone composed of linked unsaturated units resulting in extended π
orbitals along the polymer chain, thus enabling the proper charge transport and optical absorption.
The second is functionalization of the polymer core with solubilizing substituents, which is
essential for inexpensive manufacture by solution methods as well as to enhance solid-state
interactions between the electroactive moieties. Among the most common unsaturated units, there
are mono- or polycyclic aromatic hydrocarbons, heterocycles, benzofused systems, and simple
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olefinic and acetylenic groups. The extent of conjugation and interaction between these units
determine the polymer solution and solid state electronic structure, which in turn controls key
polymer properties such as optical absorption and emission, redox properties, and energy levels.
Other important parameters are the molecular weight and polydispersity (PD) index since they
influence solubility, solution aggregation, thin film formation and morphology of both the pure
materials and their blends with other conjugated materials.
The ongoing research by various groups has generated a massive library of conjugated
organic polymers with different conductivities, solubilities, and functionalities. Nowadays,
conducting polymers possess a wide range of potential applications ranging from wearable
electronics to transparent polymer solar cells [8]. The most commonly used semiconducting
conjugated materials are low band gap polymers such as poly[2-methoxy-5-(2-ethylhexyloxy)1,4-phenylenevinylene]_(MEH-PPV),_poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4phenylenevinylene) (MDMO-PPV), poly(3-hexylthiophene) (P3HT), and poly[[4,8-bis[(2ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)
carbonyl]thienol[3,4-b]thiophenediyl]] (PTB7). The structures of these polymers are displayed in
Figure 1.1. These polymers contain side chains that make them soluble in common organic
solvents which allow them to be cast from solution using wet-processing techniques such as spincoating, dip-coating, and inkjet printing [5]. The band gap for these materials is typically around
2 eV and higher [3]. These materials typically show low dielectric constants (~2-4) and low
diffusion lengths (~10 nm) [9, 10]. Poly(phenylenevinylene) (PPV) derivatives, which are lightemissive, are widely used in OLEDs, while P3HT is widely used in OPVs and OTFTs [11]. Like
inorganic semiconducting materials, organic semiconductors possess valence and conduction
bands, which are based on the molecular energy levels called the highest occupied molecular
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orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) that define the band gap of
these polymers. The band gaps are close to that of the HOMO-LUMO energy gap of individual
molecules, but can be slightly different depending on the aggregation state.

Figure 1.1 Conjugated polymers [3].
1.1.2 Organic Small Molecule Semiconductors
Besides conjugated polymers, some organic small-molecule materials also show
semiconducting properties. In contrast to polymers, they are pure materials with well-defined
molecular structures and a fixed molecular weight without any distribution. A key difference
between these organic small molecules and the polymers is the way in which the organic small
molecules are processed. Thin films of these materials are generally deposited by thermal
evaporation in vacuum because most organic small-molecule semiconductors typically show poor
5

solubility and require thermal evaporation for deposition. Similarly, the charge carrier (electron or
hole) transport can occur by hopping from molecule to molecule in organic small molecules, as
compared to from chain to chain or along the polymer backbone in polymers. Organic smallmolecule semiconductors include bathocuproine (BCP), copper(II) phthalocyanine (CuPc),
anthracene, pentacene, perylene-3,4,9,10-tetracarboxyl-bis-benzimidazole (PTCBI) as well as
fullerene (C60) and its derivatives. Among them, PTCBI, fullerene (C60) and its derivatives show
high electron affinity and behave as electron accepting materials. The structures of these
representative organic small-molecule semiconductors are displayed in Figure 1.2. Incorporation
of solubilizing groups in these molecules can improve their solubility in organic solvents and
facilitate formation of their thin films by cost-effective solution deposition techniques.
Compared with semiconducting polymers and vapour deposited conjugated small
molecules, soluble conjugated small molecules are commonly believed to be difficult to process
and so have received little attention in the literature [12]. Strong intermolecular forces between
these conjugated small molecules facilitate intermolecular electron delocalization, which is
desirable for efficient charge transport [13]. Unfortunately, these strong molecular interactions
also induce nucleation of molecular crystals, resulting in poor film formation. There has been
comparatively little investigation of soluble n-type molecules because of scarcity of highly
electron deficient, air stable conjugated molecules [12]. Fullerene derivatives readily form
favorable nanoscale morphological network in the blend. C60 and C70, which are insoluble in
organic solvents, are deposited by evaporation in a vacuum to fabricate thin films whereas their
derivatives PC61BM and PC71BM can be deposited by solution-processing methods by spin
coating or drop casting.
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Figure 1.2 Organic small-molecule semiconductors [3].
1.2 Organic Molecular Glasses
Molecular glasses, or amorphous molecular materials, are defined as low-molar mass
organic compounds which can exist in a glassy state at ambient and high temperatures and form
solid thin amorphous films [14]. A glass is a type of solid that contains array of disordered atoms
with many internal degrees of freedom. Unlike crystals, they do not possess long-range molecular
arrangements and ordering. Interesting features of organic molecular glasses are positional and
orientational disorder, the presence of free volume, and isotropic properties [15]. In contrast to
polymers, they typically possess smaller sizes, and well-defined molecular structures and molar
masses. They can be purified by simple purification techniques. They are monodisperse which
ensures that samples are homogenous and constituted of a single and pure component.
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Glass formation in organic low-molar-mass compounds has been known for a long time
and the glassy state of low-molecular-weight compounds was first described by Tammann near
the end of the 19th century [15]. He reported that materials can be isolated into the glassy state by
fast cooling from the melt. Sano et al. reported in 1976 that 1,3,5-triaryl-2-pyrazoline form stable
glasses at, or even above, ambient temperature [16]. Shirota et al. designed a large number of
morphological stable molecular glasses and established that structural features which help prevent
crystallization [17,18]. Glass formation is enhanced by the incorporation of bulky substituents,
which hinder the translational, rotational, and vibrational motion of molecules, leading to increase
in glass transition temperature. The glass transition temperature of molecular glasses can also be
increases by the incorporation of structurally rigid moieties, by increasing the molecular weight,
or by introducing intermolecular interactions (such as hydrogen bonding or dipole-dipole
interactions).
The amorphous and isotropic nature of molecular glasses make them appealing candidates
for various applications, such as electrically conducting materials [16], photochromic materials
[19, 20] and resist materials for electron beam lithography [21]. They are also attractive materials
for organic electronics (OLEDs & OPVs) and nonlinear optics because of their excellent
processabiity, transparency, homogeneity, and absence of grain boundaries [22,23]. The design of
charge-transporting molecular glasses has progressed rapidly during the last decades [15]. High
charge carrier mobilities have been achieved specifically for hole transport materials.
Mexylaminotriazines are a family of molecular glasses that possess the capability to form
glassy phases that can show extreme resistance to crystallization [24]. They were first developed
by the Lebel group at RMC. Mexylaminotriazine glasses can be designed and synthesized with
reactive functional groups that can be covalently bonded to various organic compounds, including
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dyes, with the adducts retaining the glass-forming properties of the mexylamineotriazine unit.
They can form supramolecular aggregates through non-covalent interaction such as hydrogen
bonds along well-defined patterns that pack poorly. On the other hand, a wide range of glass
transition temperature (Tg) can be accessed through slight structural modifications of the peripheral
groups around the triazine unit. The structure of a triazine motif with head and tail groups are
shown in Figure 1.3. As compared to conventional molecular glasses, mexylaminotriazine-based
molecular glasses are more structurally rigid due to higher symmetry, few degrees of rotational
freedom, strong conjugation of the amino substituents to the triazine ring and the presence of
groups that can form hydrogen bonds [25]. They can be readily synthesized from cyanuric
chloride, 3,5-dimethylaniline and other various amines by nucleophilic substitution. Conjugation
to the triazine ring, and the subsequent high rotational barriers, have been identified as the most
important factor responsible for glass formation and kinetic stability of these molecules. It has
been demonstrated that the tail groups (alkylamino or arylamino) are essential for glass formation
and the head group at 2-position of the triazine ring affects the thermal properties [26]. However,
head groups in some cases affects glass formation and some head groups also favor crystallization.
The head group shows the most pronounced impact on Tg and modifications to the atom bonded
to the triazine ring or the length of the alkyl chain while keeping the rest of the molecular structure
constant results in large variation in the materials’ glass transition temperatures, in one case
ranging from 41 to 94 ℃. The head group can also participate in hydrogen bond formation,
conjugation with the triazine ring and tautomerism which will affect the rotation, symmetry,
planarity, and size of the glass. The nature and length of the tail groups at the 4- and 6- positions
of the triazine ring can also affect the polarity, symmetry, non-covalent interactions and molecular
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weight of the compounds which subsequently have an impact on the thermal properties of the
molecular glasses.

Figure 1.3 Triazine glass with two tail groups and one head group [26].
It was shown in the previous study that replacing one of the mexylamino groups with other
arylamino or alkylamino group does not inhibit the formation of glassy phases and all
mexylaminotriazine derivatives are able to form amorphous phases [27]. The range of measured
Tg was between 52-131 ℃ and only one of the derivatives (2,4,6-trimethylphenyl-substituted)
recrystallized upon heating at rate of 5 ℃/min. Furthermore, it has observed that the position of
aryl substituent also affects the Tg in the order ortho<meta< para. It could be para-substituted
compounds exhibit higher symmetry and ortho substituents obstruct hydrogen bonding. It has also
shown that aryl groups are more capable of formation of glassy phases with high Tg as compared
to alkyl groups. It is because of the π- π interactions in the aryl-substituted compounds form a
disordered network which prevents the close packing of molecules and promote glass formation.
1.3 Organic Photovoltaic Cells (OPV)
1.3.1 Background of Organic Photovoltaic Cells
The global energy consumption has been increasing every year. Most of the current energy
supplies come from fossil fuels such as coal, oil, and gas [28]. Because of their limited amount,
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biomass fuels will eventually be depleted in the future. Renewable energy sources such as sunlight,
biomass, and the wind constitute the principle energy sources for preventing energy scarcity in the
future. Among them, solar energy is the most sustainable and reliable energy source because of
availability and environmental friendliness. Furthermore, the energy received on the surface of the
earth in one day is nearly 1000 times higher than global energy demand per day [28]. However,
only a small fraction of the solar energy is being utilized for global energy needs.
Photovoltaic (PV) cells use solar energy from the sun and convert it into electrical energy.
Although renewable energy such as solar radiation is ideal to meet the future energy demand,
efforts must be deployed to increase the efficiency of the conversion of light into electricity. Firstgeneration solar cells that utilize inorganic materials such as Si, CdTe, GaAs can achieve
conversion efficiencies up to 25%. However, the high cost and fragility of Si limit the use for Sibased solar cells on large scale. Organic photovoltaics (OPVs) constitutes a third generation of
photovoltaic devices that uses a pair of organic semiconducting materials, an electron donor and
acceptor, for energy production. OPV cells constitute a promising cost-effective alternative to
silicon-based solar cells because of their low cost, light weight and flexibility. However, organic
PV cells typically show much lower efficiency than Si-based solar cells. Furthermore, they are
easily degraded after prolonged exposure in the presence of moisture and oxygen. Significant
research is thus underway to improve the efficiency and stability of organic PV cells.
1.3.2 Principle and Device Architectures of Organic Solar Cells
1.3.2.1 Working Principle of Organic PV cells
The conversion of light energy into electricity takes place in four sequential steps in organic
PV cells as shown in Figure 1.4 [29, 30]:
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1. Absorption of light by the active material leads to the formation of an excited state
electron-hole pair called exciton.
2. Diffusion of excitons at the interface between the donor and acceptor.
3. Dissociation of excitons into electrons and holes.
4. Transport of free charges towards the respective electrodes.

Figure 1.4 Working principle of organic PV cells.
As light reaches the bottom transparent electrode of the OPV device, the active layer,
especially the donor material, absorbs the photons transmitted through it and electrons from
highest occupied molecular orbital (HOMO) of the donor are excited to the lowest unoccupied
molecular orbital (LUMO) of the donor. Then, electron-hole pairs called excitons are formed. In
this state, electrons and holes are tightly bonded by Coulombic attractive forces. The binding
energy of excitons typically ranges from 0.1 to 1 eV [31]. The excitons must diffuse through the
active materials within a 10 nm range and dissociate to generate free charge before they recombine.
An electric field greater than binding energy of the excitons is required to generate free charges.
Current as a function of voltage in solar cells provides most of the information necessary
to characterize a PV cell. Current-voltage measurements are performed both in the dark and under
12

illumination with a light source that properly simulates solar irradiation. The I-V curves are useful
to understand the operation and basic parameters of the device by showing the relationship
between the applied voltage and the resulting current. The device is subjected to an applied voltage
in the dark and under illumination and the current generated in the device is measured in each case.
A typical current-voltage characteristic of a solar cell is shown in Figure 1.5.

Figure 1.5 Current-voltage (IV) curves of organic solar cells in the dark and under illumination
[32].
In the dark, no current flows across the electrodes until the metal electrodes start injecting
charges efficiently into the device at a forward bias larger than the open-circuit voltage. Under
illumination, the current-voltage curve serves to measure important parameters such as shortcircuit current (Isc), open-circuit voltage (Voc), fill factor (FF), and maximum power (Pmax), which
are used to calculate the power conversion efficiency (PCE) of the device. The current flow under
illumination at zero applied voltage is called short-circuit current (Isc). The maximum voltage
available from a solar cell at zero current is called open-circuit voltage (Voc). The open-circuit
voltage (Voc) corresponds to the amount of forward bias on the solar cell due to the bias of the
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solar junction with the light-generated current. It is a measure of the amount of recombination in
the solar cells and increases with increasing irradiation. The fill factor (FF) represents the power
efficiency of the solar cell and can be measured as a squareness of the I-V curve in the presence
of light, and is calculated from the values of Voc, Jsc, and maximum power (Pmax) with the following
equation: FF = Pmax/ Jsc ×Voc = Jmax ×Vmax/ Jsc ×Voc, where Jmax and Vmax are the maximum current
density and maximum voltage at maximum power respectively. Power conversion efficiency
(PCE) is defined as the ratio of the power produced by the solar cells (Pout) and the optical power
of the incident light (Pin), and is calculated by PCE = Pout/Pin = Jsc ×Voc× FF/Pin, where Pin
represents the power of incident light in mWcm-2.
Another method of characterizing PV cells consists in measuring the incident photon-tocurrent conversion efficiency (IPCE), also called external quantum efficiency. It is defined as the
ratio of a number of collected charge carriers to the number of incident photons at a particular
specific wavelength. It is given by IPCE= 1240 Jsc/λ Pin, where Jsc is the short-circuit current in
mAcm-2, λ is the wavelength of an incident photon in nm, and Pin is the input power intensity
(mWcm-2).
1.3.2.2 Device Architectures of Organic Solar Cells
1.3.2.2.1 Single Layer OPV Cells
Before the mid-1980s [33], the concept of a single layer OPV cell was developed in which
a single layer of a conjugated material was sandwiched between two metal electrodes of different
work functions. The basic structure of such a cell is shown in Figure 1.6. In these types of cells,
the built-in potential is derived from either a Schottky-type potential barrier at one of the
metal/organic contact or from the difference in the work function of the electrodes.
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Figure 1.6 Schematic diagram of a single-layer OPV cell.
The reported device consists of a conjugated material sandwiched between a high work
function electrode, such as Indium Tin Oxide (ITO), gold or silver, and a low work function
electrode, such as aluminium, calcium or magnesium. As light reaches the device, the organic
material absorbs light and electrons from the HOMO orbital get excited into the LUMO orbital,
thereby generating excitons (bound electron-hole pair). The electric field resulting from the
difference in the work functions of both electrodes splits the excitons into free charges which then
migrate to their respective electrodes. Photocurrent is thusly generated by a single active
component. For instance, Ghosh et al. in 1973 reported an efficiency for 10-4 % for a tetracene
active layer between Al and Au electrodes [34]. The same group reported a device with an
enhanced efficiency of 0.7% using a merocyanine dye in between Al and Au electrodes [35].
However, this type of devices is constrained by limitations. Firstly, the electric field due to
the difference of work functions of the two electrodes is often too weak to break the excitons into
free charges. So, the electron-hole pairs often recombine before migrating to the respective
electrodes. Another problem is that the materials typically used possess high hole mobilities but
low electron mobilities, and as a result can readily transport holes but not electrons. Therefore,
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only the electron-hole pairs generated very close to the low work function electrode contribute to
the photocurrent.
1.3.2.2.2 Bilayer Organic PV Cells
Later, the concept of a bilayer junction was developed to address the issues of single-layer
OPV cells. Here, two distinct layers of an organic donor and an organic acceptor are sandwiched
between two electrodes with different work functions. The devices are fabricated sequentially,
either by thermal evaporation or by a solution-based process such as spin-coating. Bilayer OPV
devices were mostly fabricated by vacuum deposition since it is difficult to find suitable solvents
for the orthogonal deposition of the respective donor and acceptor layers without each components
leaching into the other layer. A schematic diagram for a bilayer OPV device is shown in Figure
1.7. The efficiency of these types of devices is typically higher than that of single-layer solar cells
because the internal electric field developed due to the difference of ionization potential and
electron affinity between the donor and acceptor helps to separate charges at the interface between
the donor and acceptor.

Figure 1.7 Schematic diagram for a bilayer solar cell.
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In addition, after the excitons are separated at the interface, the electrons travel through the
acceptor material and the holes travel through the donor material. Therefore, the probability of
recombination between electrons and holes are low as compared to single-layer OPV cells [29].
Tang et al. in 1986 developed a bilayer heterojunction device with a power conversion efficiency
of 1% using copper phthalocyanine and perylene tetracarboxylic dianhydride [36,37]. However,
the diffusion length of excitons in organic electronic materials is typically 10 nm. In order for most
excitons to diffuse to the interface of layers and split into free charges, the thickness of active layer
should be in the same range as diffusion length. However, the active layer typically needs a
thickness of at least 100 nm to absorb enough light. At such a large thickness, only a small fraction
of the excitons can reach the interface.
1.3.2.2.3 Bulk heterojunction OPV Cells
In more recent years, significant progress has been achieved in solution-processed bulk
heterojunction solar cells, especially fullerene-based, and commercial prototypes have been
successfully fabricated. In a bulk-heterojunction solar cell, the electron donor and electron
acceptor materials are blended in a particular organic solvent in a fixed proportion by weight and
the blend solution is deposited in between two electrodes by solution-based processing methods,
often by spin-coating, drop casting or inkjet printing. A schematic diagram of a bulk heterojunction
device is shown in Figure 1.8. This kind of device can reach far higher efficiencies than previous
types of organic PV cells due to an increase in the interfacial area between the donor and acceptor
materials that facilitates an efficient charge separation. Organic solar cells can exhibit power
conversion efficiencies of 10 % with a single bulk heterojunction film and 12.5 % in tandem device
structures [38].
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Figure 1.8 Schematic diagram for a bulk heterojunction OPV cell.
A bulk heterojunction OPV cell is similar to a bilayer OPV cell with respect to the donor
to acceptor concept, but with a larger interfacial area where the excitons dissociate. The donor and
acceptor phases form an interpenetrating and bi-continuous network to transport the charges
towards the respective electrodes. The performance of the device is thus highly dependent on the
nano-morphology and phase separation of the active layer. The dissociation of excitons and the
generation of free charges in the active layer in bulk heterojunction devices are both influenced by
its morphology. The excitons formed by the absorption of photons are generated everywhere in
the bulk, as they form in proximity to the interface between the materials. The morphology of the
blend typically depends on various parameters such as donor-acceptor ratio, selection of solvent,
annealing conditions and the use of additives in the blend [39]. In general, the molecular structures
of the materials are a most critical factor in determining the nature and degree of order in the solid
state. However, the solvent also greatly influences the nanocrystal nucleation and growth
mechanism during thin film formation. Eventually, they affect the overall morphology, and
consequently the transport properties of the materials. The selection of electrode materials is also
equally important for smooth transport of charges in bulk heterojunction OPV cells. The electrodes
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are chosen in such a way that work function of the cathode should be close to LUMO of the
acceptor and the work function of the anode should be close to the HOMO of the donor.
1.3.3 Conventional (Regular) and Inverted Solar Cells
Initially, bulk heterojunction OPV devices were fabricated with a transparent indium tin
oxide (ITO) electrode as the anode coated with a hole-transport layer of poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) followed by the active layer and a
low work function top metal electrode such as aluminum, calcium or magnesium as cathode. Holes
are thus injected towards the bottom ITO electrode while electrons migrate towards the low work
function top electrode. However, PEDOT: PSS is acidic and hygroscopic, therefore it absorbs
moisture under ambient operation conditions and may etch the layer of ITO on prolonged
exposure. Furthermore, the low work function metals used for the electrode are sensitive to
oxygen, with which they react under ambient conditions to form an insulating oxide. This results
in a gradual degradation of the performance of the devices. As the replacement of PEDOT: PSS
with other hole transport layers was not feasible due to the high series resistance of most hole
transport materials [40], an alternative device architecture called an inverted device that removes
the need for superposing an PEDOT: PSS layer on the ITO was developed.
In inverted OPV cells, the charge-collecting nature of the electrodes is reversed. The
electrons are injected towards the bottom ITO electrode as cathode and the holes towards a high
work function electrode such as gold (Au) or silver (Ag) as anode. This architecture further
removes the need for air-sensitive low work function electrodes. Metals such as Au or Ag are
relatively less sensitive towards air and can be deposited without the need of a high vacuum.
Therefore, inverted devices are more stable as compared to conventional devices. Nunzi et al. first
developed the concept of inverted solar cells in 2004 using perylene diimide as hole blocking layer
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and copper phthalocyanine as electron blocking layer [41]. They studied the stability of modified
ITO/perylenediimide(or_bathocuoproine(BCP))/poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4phenylenevinylene) (MEH-PPV): [6,6]-phenyl-C61 butyric acid methyl ester (PCBM)/ copper
phthalocyanine (CuPc)/Au under ambient conditions and observed a higher stability of the devices
with high work function electrodes such as Au as top electrode (anode). They observed that the
inverted devices worked for two weeks without encapsulation. A thin layer of an n-type material
such as zinc oxide (ZnO) or titanium oxide (TiO2) is now commonly applied above the ITO
electrode in inverted devices due to their high optical transparency, charge mobility, and good
solution-processibility. This electron transport layer (ETL) transports the electrons from the active
layer to the cathode and block holes coming towards the cathode. As direct contact of the active
layer with the top electrode can degrade device performance, a thin layer of various transition
metal oxides such as molybdenum oxide (MoO3), tungsten oxide (WO3) or vanadium oxide (V2O5)
and solution processed PEDOT: PSS etc. is applied as hole-transport layer. The hole transport
layer (HTL) either transports holes towards the anode or block the electrons coming towards the
anode. White et al. reported an efficiency of 2.9 % in inverted polymer solar cells with interstitial
layers of ZnO and MoO3. They demonstrated that sol-gel-deposited ZnO thermally annealed at
300 ℃ for 5 minutes to crystallize the ZnO resulted in an improvement in both its crystallinity and
mobility. Hau et al. reported 3.0 % efficiency in inverted polymer solar cells with PEDOT: PSS
coated on top of the active layer (P3HT: PCBM) [42] and observed that PEDOT: PSS as hole
transport layer enhanced device stability by reducing the diffusion of oxygen into the active layer.
Babak et al. Reported a 3.8% efficiency of OPV inverted devices based on a P3HT:PCBM bulk
heterojunction by incorporating a 2 nm-thick layer of gold between the PEDOT: PSS layer and the
active layer [30]. The thin layer of gold improves the wettability of aqueous PEDOT: PSS on the
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polymer surface. The power conversion efficiency of the device improved from 3.0 to 3.8 % after
incorporating a improved electron and hole-selective contact layers. Recently, He et al. reported
9.2 % in an inverted bulk heterojunction device using PTB7 and PC71BM [43].
1.4 Research Motivations and Outline
The concept of developing charge transporting organic small molecules in organic
photovoltaics is already extensively explored. However, the investigation of amorphous chargetransporting organic materials in organic photovoltaics is limited [44] [45] [46]. Although it is
currently believed that crystalline materials are more desirable for organic PV cells, an ideal
morphology is so crucial to the proper functioning of PV cells that amorphous materials offer
several advantages over crystalline materials. Amorphous materials offer a more consistent
morphology that is less sensitive to processing conditions, and typically show fewer local defects,
which are detrimental to the device performances.
Most of the charge-transporting amorphous materials used in organic PV cells are
polymers. However, their large molecular size and polydispersity make the synthesis, purification,
and characterization of these materials difficult. Furthermore, their composition is not homogenous
from one sample to another. In comparison to polymers, small molecules are easier to synthesize,
characterize and purify. Their higher consistency between different samples makes these materials
an appealing material for organic electronics. However, most of the organic small molecules
crystallize quickly during solvent and thermal annealing after deposition, resulting in low-quality
films with less uniform and grainier morphologies which is detrimental for organic electronic
devices. In contrast to those materials, molecular glasses are small molecules with discrete
molecular structures that are capable of forming uniform amorphous films which is beneficial for
fabricating functional organic PV devices. The organization of the present thesis is as below:
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In the first part of the thesis, we developed four non-fullerene glass-forming
perylenediimide (PDI) derivatives containing mexylaminotriazine groups in the bay position,
which were incorporated into organic PV cells with P3HT as donor material. The PDI glasses
synthesized feature two different imide groups, 2,6-diisopropylphenyl and n-octyl, and two
different bay substituents, bromo and pyrrolidinyl, to study the impact of steric bulk and
electronics on device performance. The motivation to develop these materials is that fullerene
derivatives possess a number of limitations such as their limited absorption in the visible region,
costly synthesis, and low tunability of their energy levels. As compared to fullerenes,
perylenediimide derivatives are easy and cost-effective to synthesize, show strong absorption in
the visible region, and their energy levels can be easily tuned by introducing various substituents.
All four acceptor materials investigated showed the ability to spontaneously form stable glasses
that did not crystallize upon heating or operation of the devices, and all materials showed
photovoltaic activity, with device efficiencies with P3HT as donor ranging from 0.2 to 0.6%. The
details of the objectives, experimental works and results for these materials will be discussed in
Chapter 2.
In_the_second_part,_we_developed_a_glass-forming_rhodanine-substituted
diketopyrrolopyrrole (DPP) derivative containing a mexylaminotriazine group (DPP-glass), along
with a crystalline analogue with an ethylrhodanine moiety (DPP-Et) as non-fullerene electron
acceptors, which were both incorporated into organic photovoltaic cells with P3HT as a donor.
Four reasons motivated the development of diketopyrrolopyrrole (DPP) derivatives: 1) simple
large-scale synthesis, 2) high photochemical and thermal stability, 3) strong absorption in a broad
range of the visible spectrum, and 4) strong electron-deficient character. The HOMO and LUMO
levels of the desired materials can also easily be tuned by functionalizing the peripheral aromatic
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rings with a wide range of functional groups. Further details on the objectives, experimental works
and results will be discussed in Chapter 3.
In the third part, we developed a glass-forming donor material based on a squarylium
cyanine moiety (SQ-glass), and incorporated it in PV cells with both glass-forming acceptor DPPglass and benchmark acceptor PC61BM. Low band gap polymers are the most commonly used as
donors in OPV cells, and possess several properties that make them appealing to use in OPV cells,
including large absorption, large hole mobility, and adequately tuned HOMO and LUMO levels.
However, polymers also carry certain disadvantages, including a high synthetic cost, difficult
purification methods, and batch-to-batch variations in molar mass and defect density. In contrast,
amorphous SQ-glass is a potential donor for organic PV cells because of easy synthetic methods,
cost-effective for large-scale production and its ability to form smooth and homogenous films. In
addition, polymers form phase-segregated bulk heterojunctions with large domains and defects
whereas SQ-glass forms a homogenously blended smooth film causing less defects. Thus, it is
expected that glass-glass cells can show higher, or at least more consistent, performances than
polymer-small molecule bulk heterojunction cells despite the homogenously blended junction in
glass-glass cells. All the organic PV cells showed some PV performance with maximal efficiencies
of 0.42% were obtained with DPP-glass, and 0.52% with PCBM. The details for the objectives,
experimental works and results will be discussed in Chapter 4.
In the fourth part, we developed ternary blend PV cells by incorporating different
concentrations of amorphous PDI-glass and DPP-derivatives as guest acceptors in P3HT: PC61BM
solar cells. Ternary blend OPV cells constitute a simple alternative approach that can improve light
harvesting by the devices by incorporating another organic material as a guest sensitizer. The idea
is that the molecular glass can be expected to locate at the interface between the donor and acceptor
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domains without perturbing their respective crystalline morphology, thereby providing more
pathways to extract charges and enhance the efficiency of OPV cells. The details for experimental
works and results will be discussed in Chapter 5.
Finally, we incorporated amorphous perylenediimide-glass as an interfacial modifier in
perovskite solar cells to enhance their efficiency. The research on perovskites is also a recent
emerging area of research in photovoltaics. Titanium oxide (TiOx) deposited at low temperature
as electron collecting layer was shown to yield lower efficiencies in comparison to compact
mesoporous titanium dioxide processed at a higher temperature. This lower performance is
believed to be due to non-homogeneity and the presence of surface defects on the TiOx layer that
result in low quality of the photogeneration layer and poor charge transport in the device [47]. The
idea of improving the surface of the electron-collecting ZnO layer was already implemented with
some other organic small molecules such as fullerene derivatives. Herein, we explored amorphous
non-fullerene PDI-glass for the interfacial modification of TiOx for improved electron collection
in perovskite solar cells. Detailed objectives, experimental works and results will be discussed in
Chapter 6.
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Chapter 2
New Glass-forming Perylenediimide Derivatives as Potential Electron
Acceptors
2.1 Introduction
Due to the availability of carbon feedstocks and flexible organic synthetic methodologies,
organic materials have become extremely attractive for photovoltaic applications [1-3]. Depending
on the solubility of organic materials, organic PV cells can be fabricated either by vacuum or by
printing technologies such as spin-coating, drop-casting, doctor blading, inkjet printing, screen
printing and roll-to-roll printing. Tang et al. reported in 1986 a p-n heterojunction device with a
power conversion efficiency of 1% using copper phthalocyanine and a perylene-3,4,9,10tetracarboxyl-bisbenzimidazole (PTCBI) electron donor and acceptor respectively [4]. In recent
years, great progress has been achieved in the development of solution-processed bulk
heterojunction PV cells, and the technology has reached the early stages of commercialization.
Currently, organic PV cells have been demonstrated to exhibit power conversion efficiency above
9% [5,6]. The high efficiency of bulk heterojunctions is due to exciton dissociation at the interface
between the electron donor and acceptor materials in the intimately mixed system and followed by
efficient charge separation and transport to the electrodes by diffusion of charges in the
interpenetrating donor and acceptor network, thereby facilitating an efficient charge separation due
to large interfacial area [7-10]. So far, various organic materials have been developed as an electron
donor or p-type materials, which have improved properties such as high absorption, hole mobility,
and adequately tuned HOMO and LUMO levels [11-13]. However, the development of electron
acceptors or n-type materials is far behind that of donor materials. The dominant acceptors in bulk
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heterojunction PV cells are fullerene derivatives due to their high electron mobility, large electron
affinity, and capacity to pack efficiently to form a percolated tridimensional supramolecular
network. However, fullerenes absorb light only weakly in the visible region and play only a limited
role in the light harvesting process. In addition, their high synthesis costs and limited tunability of
energy levels hinder the commercial success of fullerene-based organic PV cells [9,10,14]. As the
development of optimal electron acceptor materials is equally important to that of donor materials
for the improvement of device performances, it is crucial to develop optimal non-fullerene
acceptors for organic PV cells with improved performances [15,16].
_3,4,9,10-Perylenetetracarboxylic diimide (PDI) derivatives are promising candidates as
electron acceptors in organic photovoltaics. Not only do PDI derivatives display high electron
mobilities [17], but they also possess high molar absorption coefficients in the visible range [18].
Moreover, they can be synthesized in large scale in relatively economic fashion [10]. The LUMO
of parent 3,4,9,10 perylenetetracarboxylic diimide is similar to that of PCBM [19]. Their
optoelectronic properties can be easily tuned by tailoring the substituents on the imide groups or
on the bay positions [14,20-22]. In addition, the low-lying HOMO levels of PDI derivatives can
facilitate the hole transfer process from the PDI molecules to the donor material after absorption
of light [10]. All these properties make PDI derivatives an extremely attractive class of materials
for use in organic photovoltaics as electron acceptor materials.
As the poly-aromatic core in PDI derivatives is planar, as opposed to spherical for fullerene
derivatives, the performance of the devices is expected to depend on the proper packing of the
perylene moieties so that the p-orbitals can interact with each other [10]. A common problem with
small molecules is their tendency to rapidly crystallize [23,24], which limits their usefulness in
applications involving thin films by yielding films of poor quality, with polycrystalline topologies
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constituted of small domains separated by grain boundaries that limit the long-range transport of
electrons by acting as electron traps [25]. Annealing conditions must thus be screened thoroughly
to find the conditions that will give optimal film morphologies and limit grain boundaries.
An alternative approach consists in designing PDI derivatives (or electron acceptor
materials in general) that form thin films that remain amorphous [26,27]. While amorphous solids
possess no long-range periodical order, intermolecular interactions, such as the p-stacking of
aromatic moieties, can nonetheless be present and regulate to a certain degree the organization at
the molecular level, with a continuous material that is exempt of grain boundaries.
As with the majority of small molecules, most PDI derivatives readily crystallize [26,27].
However, it was demonstrated that strategic molecular design can hinder the process of
crystallization, resulting in molecular materials that can remain in the amorphous state for
extended (sometimes indefinite) periods of time. This class of materials is known as molecular
glasses or amorphous molecular materials, and combine the monodisperse nature of small
molecules with the processability of polymers [28-30]. As typically, compounds designed to form
glasses possess bulky, nonplanar and irregular shapes, and generally interact weakly with
neighbouring molecules [31], designing PDI derivatives that can form glasses despite their planar
perylene core and that can interact reliably by pi-stacking in the amorphous state is expected to be
challenging. However, approaches, where glass-forming derivatives of chromophores are
synthesized by functionalization with peripheral groups, have been reported in the literature [3235]. Mexylaminotriazines are one such family of glass-forming materials that usually show
outstanding glass-forming ability, high kinetic stability towards crystallization, and glass transition
temperature (Tg) values that can be modulated by tuning their molecular structures [36-38]. Glassforming mexylaminotriazine derivatives can bear functional groups that can be bonded in a
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covalent fashion to chromophores, thereby yielding adducts that can remain indefinitely in the
amorphous state at operating temperatures, while preserving the optical and electronic properties
of the chromophore with minimal perturbation. This approach was demonstrated with a series of
azobenzene dyes, with which glass forming adducts were generated using a simple, efficient and
high yielding procedure [39,40].
In the present work, four glass-forming PDI derivatives containing mexylaminotriazine
groups in the bay position were synthesized, characterized, and incorporated into organic PV cells
with P3HT as donor material. The PDI glasses synthesized feature two different imide groups, 2,6diisopropylphenyl and n-octyl, and two different bay substituents, bromo and pyrrolidinyl, to study
the impact of steric bulk and electronics on device performance. All four acceptor materials
investigated showed the ability to spontaneously form stable glasses that did not crystallize upon
heating or operation of the devices, and all materials showed photovoltaic activity, with device
efficiencies with P3HT as donor ranging from 0.2 to 0.6%. These values are comparable to most
values previously reported for PV cells using P3HT and PDI derivatives containing a single
perylene moiety [10,41], and are reasonably close to the highest values reached so far for such
systems (close to 1%) [21,42]. Interestingly, the performance of the devices has been found to be
independent on the electronics of the acceptor materials, with both bromo and pyrrolidinyl series
giving similar results. On the other hand, the octyl imide series showed efficiency 3 times greater
than their sterically hindered 2,6-diisopropylphenyl imide analogues. This is believed to be due to
the 2,6-diisopropylphenyl groups shielding the perylene core and preventing efficient stacking of
the perylene moieties, thereby impeding electron transport. While the P3HT portion of the bulk
heterojunction is semi-crystalline, the PDI domains remain amorphous, and the results reported
herein show that the electron transport over long range required for the current generation is
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possible in the amorphous state and yields performances comparable to that of crystalline
materials.
2.2 Experimental
2.2.1 Materials
2-Methylamino-4-mexylamino-6-(4-mercaptophenyl)amino-1,3,5-triazine (1) [37], N,N’bis(2,6-diisopropylphenyl)-2,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide (2a) [43], and
N,N’-dioctyl-2,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide (2b) [44], were prepared
according to the literature. Pyrrolidine was purchased from Sigma-Aldrich, and all other solvents
and reagents were purchased from Caledon Labs. All reagents were used without further
purification. Regioregular poly (3-hexylthiophene 2,5-diyl) (P3HT) used as an electron donor was
purchased from Rieke Metals. Molybdenum oxide used as hole transport layer was purchased from
Alfa Aesar. ZnO as an electron transporting material was synthesized by the sol-gel method
reported in the literature [45]. The Indium tin oxide (ITO) glasses used as substrates were
purchased from Luminescence Technology Corporation, which has ITO film thickness about 135
± 15 nm, and sheet resistance is 15 Ωsq-1. Glass transition temperatures were determined with a
TA Instruments 2010 Differential Scanning Calorimeter calibrated with indium at a heating rate
of 5 ℃/min from 30 to 250 ℃. Values were reported as the half-height of the heat capacity change
averaged over two heating runs. For compounds 3a and 4a, values were averaged over heating runs
on two different samples because of thermal degradation. FTIR spectra were acquired with thin
films cast from CH2Cl2 on KBr windows using a Perkin-Elmer Spectrum 65 spectrometer. UVvisible absorption spectra were acquired using a Hewlett-Packard 8453 spectrometer or an Olid®
HP8452 Diode Array Spectrometer. NMR spectra were acquired on either a 400 MHz Bruker
AV400 or on a 300 MHz Varian Oxford spectrometer. Luminescence was measured with a
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USB2000-Ocean Optics spectrometer. XRD was obtained on P3HT/PDI films using a Xpert Pro
Philips powder X-ray diffractometer.
2.2.2 Synthesis
2.2.2.1 Synthesis of compound 3a
A mixture of tetrahydrofuran (800 mL) and K2CO3 (11.1 g, 80.0 mmol) in a roundbottomed flask was stirred and deoxygenated under a nitrogen atmosphere for 30 min. Next,
compound 2a (14.0 g, 16.0 mmol) and glass 1 (7.05 g, 20.0 mmol) were added and the reaction
mixture was stirred at room temperature for 3 days. THF was removed under reduced pressure and
the crude product was purified on a short silica pad eluting with 100% dichloromethane initially
to remove unreacted staring material. After collecting the fractions containing the starting material,
the eluent was switched to DCM/EtOAc (80:20). 12.6 g of pure dark red product was obtained
(11.1 mmol, 69%). Tg 206 ℃; FTIR (CH2Cl2/ KBr) 3420, 3346, 3195, 3102, 3065, 3027, 2964,
2930,2869,1709,1669,1621,1586,1559,1538,1518,1497,1457,1444,1430,1413,1388,1363,1335,1
306,1242,1198,1181,1148,1094,1057,1040,1013, 995, 969, 937, 919, 885, 859, 838, 809, 793,
770, 749, 741, 714, 698, 668 cm-1; 1H NMR (400 MHz, DMSO-d6, 363 K): d 9.64 (d,3J ¼ 8.3
Hz,1H), 9.04 (br s,1H), 8.89 (m, 2H), 8.84 (d, 3J ¼ 8.3 Hz,1H), 8.70 (d, 3J ¼ 8.1 Hz, 1H), 8.56 (br
s, 1H), 8.38 (br s, 1H), 7.93 (d, 3J ¼ 8.6 Hz, 2H), 7.47 (m, 4H), 7.36 (d, 3J ¼ 7.6 Hz, 2H), 7.32 (s,
2H), 7.30 (d, 3J ¼ 7.8 Hz, 2H), 6.63 (br s,1H), 6.57 (s,1H), 2.85 (s, 3H), 2.80 (m, 3J ¼ 6.8 Hz, 2H),
2.71 (m, 3J ¼ 6.8 Hz, 2H), 2.18 (s, 6H), 1.12 (d, 3J ¼ 6.8 Hz, 6H),1.11 (d, 3J ¼ 6.8 Hz, 6H),1.08
(d, 3J ¼ 6.8 Hz, 6H),1.04 (d, 3J ¼ 6.8 Hz, 6H) ppm; 13C NMR (75 MHz, DMSO-d6): d 166.4,164.5,
164.4, 164.1, 163.2, 162.6, 145.9, 145.8, 143.3, 141.4, 140.2, 137.6, 137.5, 135.9, 133.2, 132.9,
132.2, 130.9, 129.8, 129.4, 129.2, 128.7, 128.4, 127.5, 126.0, 124.3, 123.7, 122.8, 122.6, 122.2,
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122.0, 121.1, 120.5, 118.3, 28.9, 27.7, 24.2, 21.5 ppm; UV-Vis (CH2Cl2): λmax (ε) 548 nm (24 200);
HRMS (MALDI, MH+) calcd. for C66H60BrN8O4S (m/e): 1139.3642, found: 1139.3649.
2.2.2.2 Synthesis of compound 3b
Compound 3b was synthesized from precursor 2b and glass 1 following a procedure similar
to that used for analogue 3a. The crude product was purified on a short silica pad using AcOEt/
Hexanes 1:1 as eluent. Yield: 68%; Tg 91 ℃; FTIR (CH2Cl2/KBr) 3341, 3187, 3085, 2954, 2925,
2869,2853,1698,1659,1588,1553,1518,1498,1433,1415,1395,1349,1333,1303,1238,1178,1097,1
036, 833, 806, 745, 693, 654 cm-1; 1H NMR (400 MHz, CDCl3): d 9.46 (d, 3J ¼ 7.8 Hz, 1H), 8.87
(s, 1H), 8.73 (m, 1H), 8.65 (d, 3J ¼ 7.8 Hz, 1H), 8.57 (m, 1H), 8.29 (m, 1H), 7.68 (br s, 2H), 7.37
(m, 2H), 7.37 (br s, 1H), 7.16 (s, 1H), 7.06 (s, 2H), 6.64 (s, 1H), 5.27 (br s, 1H), 4.20 (br m, 2H),
4.07 (br m, 2H), 2.97 (s, 3H), 2.23 (s, 6H), 1.76 (br m, 2H), 1.65 (br m, 2H), 1.30 (m, 20H), 0.90
(m, 6H) ppm; 13C NMR (75 MHz,CDCl3): d 166.2, 166.1, 163.8, 162.9, 162.8, 162.5, 162.3, 141.5,
141.2, 140.5, 139.0, 138.1, 137.6, 135.6, 132.8, 132.6, 132.4, 131.9, 130.9, 130.0, 129.8, 129.1,
128.7, 128.3, 127.9, 126.6, 125.2, 124.6, 123.8, 123.5, 123.2, 122.6, 122.0, 121.6, 121.3, 120.7,
120.0, 117.9, 40.7, 31.8, 29.3, 28.0, 27.6, 27.2, 22.7, 21.4, 14.1 ppm; UV-Vis (CH2Cl2): λmax (ε)
548 nm (17,600); HRMS (MALDI, MH+) calcd. for C58H60BrN8O4S (m/e): 1045.3620, found:
1045.3662.
2.2.2.3 Synthesis of compound 4a
In a round-bottomed flask equipped with a magnetic stirrer, a mixture of pyrrolidine (2.5
mL), THF (10 mL) and K2CO3 (0.078 g, 0.50 mmol) was degassed by sparging with nitrogen for
15 min. Compound 3a (0.500 g, 0.440 mmol) was added, then the reaction mixture was stirred at
ambient temperature for 24 h under nitrogen atmosphere. The volatiles were removed under
reduced pressure while keeping the water bath temperature under 50 ℃. The residue was re36

dissolved in minimal AcOEt, insolubles were removed by filtration, and the filtrate was poured
into hexanes. The precipitated product was collected by filtration, washed with hexanes and
allowed to dry at 60 ℃ in an oven to yield 0.485 g pure green compound 4a (0.429 mmol, 98%).
Tg 186 ℃; IR (CH2Cl2/KBr) 3915, 3846, 3821, 3739, 3689, 3659, 3621, 3551, 3349, 3193, 3070,
2961,2930,2915,2868,1700,1667,1606,1593,1579,1556,1496,1423,1403,1381,1363,1336,1290,1
239,1201,1181,1152,1132,1119, 1057,1014, 965, 940, 917, 838, 809, 795, 773, 753, 739, 714,
691, 668, 601, 582, 537 cm-1; 1H NMR (400 MHz, DMSO-d6, 363.15 K): d 8.99 (d, 3J ¼ 8.6
Hz,1H), 8.96 (br s, 1H), 8.65 (d, 3J ¼ 8.1 Hz, 1H), 8.59 (s, 1H), 8.53 (d, 3J ¼ 8.6 Hz, 2H), 8.40 (s,
1H), 7.88 (d, 3J ¼ 8.6 Hz, 2H), 7.65 (d, 3J ¼ 8.11 Hz,1H), 7.47 (m, 2H), 7.41 (d, 3J ¼ 8.6 Hz, 2H),
7.35 (d, 3J ¼ 7.8 Hz, 2H), 7.31 (s, 2H), 7.29 (d, 3J ¼ 7.8 Hz, 2H), 6.61 (br s, 1H), 6.53 (s, 1H),
3.36 (br s, 4H), 2.85 (d, 3J ¼ 4.3 Hz, 3H), 2.78 (m, 3J ¼ 6.8 Hz, 2H), 2.68 (m, 3J ¼ 6.8 Hz, 2H),
2.14 (s, 6H), 2.06 (br s, 4H), 1.13 (d, 3J ¼ 6.8 Hz, 6H), 1.11 (d, 3J ¼ 6.8 Hz, 6H), 1.08 (d, 3J ¼ 6.8
Hz, 6H), 1.04 (d, 3J ¼ 6.8 Hz, 6H); 13C NMR (75 MHz, DMSO-d6): 165.9, 163.9, 163.6, 163.48,
163.41,163.04,162.8,148.2,145.4,145.2,141.9,139.8,137,135.7,134.6,133.5,131.4,130.9,130.8,13
0.2,129.3,129.1,128.4,126.1,125.5,124.2,123.7,123.1,122.2,121.9,121.7,121.5,120.5,119.9,117.7,
116.9, 114.1, 52.6, 28.5, 27.2, 25.3, 20.9 ppm; UV-Vis (CH2Cl2): λmax (ε) 435 nm (13 700), 664
nm (22 400); HRMS (MALDI, MH+ ) calcd. for C70H68N9O4S (m/e): 1130.5115, found:1130.5124.
2.2.2.4. Synthesis of compound 4b
Compound 4b was synthesized from precursor 2b and glass 1 following a procedure similar
to that used for analogue 4a. The crude product was purified on a short silica pad using AcOEt/
Hexanes 1:1 as eluent. Yield: 82%; Tg 86 ℃; FTIR (CH2Cl2/KBr) 3333, 3181, 2954, 2923, 2852,
1692, 1653, 1590, 1579, 1554, 1500, 1431, 1415, 1397, 1346, 1334, 1286, 1238, 1178, 1127, 1099,
1032, 863, 837, 806, 749, 708, 658 cm-1; 1H NMR (400 MHz, CDCl3): d 8.49 (br m, 1H), 8.46 (d,
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3

J ¼ 7.8 Hz, 1H), 8.38 (s, 1H), 8.34 (d, 3J ¼ 7.8 Hz, 1H), 8.15 (br m, 1H), 7.55 (br s, 3H), 7.34 (d,

3

J ¼ 7.8 Hz, 1H), 7.25 (br s, 2H), 7.10 (br s, 2H), 6.99 (br s, 1H), 6.55 (s, 1H), 5.36 (br s, 1H), 4.12

(br m, 2H), 4.00 (br m, 2H), 3.61 (br s, 1H), 2.76 (s, 3H), 2.67 (br s, 1H), 2.14 (s, 6H), 1.99 (br s,
1H), 1.89 (br s, 1H), 1.67 (br m, 2H), 1.58 (br m, 2H), 1.20 (m, 20H), 0.80 (m, 6H) ppm; 13C NMR
(75 MHz,CDCl3): d 166.5, 164.1, 163.9, 163.8, 163.6, 163.2, 148.1, 140.7, 138.3, 136.4, 135.6,
135.1, 134.2, 133.0, 132.7, 132.0, 131.8, 129.4, 129.3, 128.8, 128.4, 127.1, 125.8, 125.3, 124.8,
123.9, 122.8, 122.0, 121.2,120.7, 120.6, 120.4, 118.3, 115.8, 52.6, 40.7, 31.8, 29.4, 29.2, 28.1,
27.7, 27.2, 25.8, 22.6, 21.4, 14.1 ppm; UV-Vis (CH2Cl2): λmax (ε) 433 nm (11400), 656 nm (15
800); HRMS (MALDI, MH+) calcd. For C62H68N9O4S (m/e): 1034.5109, found: 1034.5135.
2.2.2.5 Sample one-pot procedure: synthesis of compound 4a
In a round-bottomed flask equipped with a magnetic stirrer, a suspension of K2CO3 (1.59
g, 11.5 mmol) in THF (50 mL) was degassed by sparging with nitrogen for 15 min. N,N’-Bis(2,6
diisopropylphenyl)-2,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide 2a (2.00 g, 2.30 mmol)
and 2-methylamino-4-mexylamino-6-(4-mercaptophenyl)amino-1,3,5-triazine 1 (1.01 g, 2.88
mmol) were added simultaneously, and the mixture was stirred 48 h at ambient temperature under
nitrogen atmosphere, at which point pyrrolidine (5 mL) was added and stirring was continued
another 48 h. The volatiles were evaporated under vacuum while maintaining the water bath
temperature below 50 ℃, the residue was redissolved in CH2Cl2 and purified by filtration on a
short silica pad with AcOEt/hexanes (3:7 then 7:3) to yield, after complete drying, 1.66 g
compound 4a (1.47 mmol, 64%). Spectral data was identical to that obtained for compound 4a
prepared from pure compound 3a.
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2.2.3 Cyclic voltammetry
Cyclic voltammograms were recorded using an EG&G Model 263 potentiostat connected
with three electrodes: working electrode (glassy carbon-carbon), reference electrode (Ag/AgCl (in
3 M NaCl) and counter or auxiliary electrode (Pt) in a 0.1 M solution of tetrabutylammonium
hexafluorophosphate in acetonitrile at a scan rate of 100 mV s-1 with N2 gas bubbling. Ferrocene
was used as internal standard.
2.2.4 Atomic force microscopy
The morphology of nanocomposite P3HT/PDI films was characterized using an Ambios
multimode Atomic Force Microscope (AFM) in tapping mode with 300 kHz resonant frequency
cantilever.
2.2.5 Device fabrication and characterization
The ITO substrates were either patterned with 0.1 M HCl and zinc dust for 10 min and
thoroughly washed with water, or pre-patterned as purchased. The patterned ITO substrates were
cleaned consecutively in an ultrasonic bath with detergent powder, distilled water, acetone and
isopropyl alcohol for 10 min each and finally dried with air. The substrates were heated at
approximately 100 ℃ for 5 min. The dried substrates were further cleaned with a plasma cleaner
for 15 min. ZnO precursor gel was spin-coated at a rate of 3000 rpm for 40 s under ambient
conditions. The glass substrates coated with ZnO were transferred on a hotplate and baked at 150
℃ for 30 min. The thickness of ZnO was approximately 30 nm. The blend solutions of P3HT and
PDI glasses 3-4 were prepared in dichlorobenzene in a fixed ratio (1:1,1:2 and 2:1) by weight and
stirred for 24 h at 50 ℃. The solution was filtered through a 0.45 µm pore sized
poly(tetrafluoroethylene) (PTFE) filter. The active layer was spin-coated at 1500 rpm and annealed
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at 110 ℃ for 10 min. The thickness of the active layer was measured to range from 150 to 180 nm
with a Sloan Dektak II profilometer. The top and bottom electrodes of the devices were cleaned
with a cotton stick soaked with chloroform to make contacts. Finally, 5 nm of MoO3 and 100 nm
of Ag were deposited with deposition rates of 0.5 Å/s and 1.5 Å/s, respectively, on all the devices
using a physical vapour deposition system (PVD) under high vacuum at a pressure of 1 × 10-6
mBar. The active area of the device was 0.2 cm2. The device structure and energy alignment is
shown in Figure 2.1. Current density-voltage (J-V) measurements were carried out using a
Keithley 4200-SCS in the dark and under illumination. All the photovoltaic parameters of the
inverted cells were measured at ambient conditions using a Xenon light with an intensity of 100
mWcm-2 calibrated with an AM 1.5 solar simulator [46]. Mobility measurements were performed
with diodes of compounds 3-4 that were prepared in a similar fashion, using solutions of pure PDI
glasses 3-4 instead of P3HT/PDI-glass blends. The electron mobility for each diode was calculated
using the Mott Gurney space-charge-limited current (SCLC) equation [49].

Figure 2.1 Device structure and energy level alignment of device components.
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2.3 Results and discussion
2.3.1 Synthesis of PDI glasses 3-4
N,N’-Bis(2,6-diisopropylphenyl)-2,7-dibromo-3,4,9,10-perylenetetracarboxylic

diimide

2a and N,N’-dioctyl-2,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide 2b were selected as
precursors because they are known to show appreciable solubility in most organic solvents and
they can be further functionalized by substitution of the bromo groups at the 2-and 7 positions.
Among possible nucleophiles, thiolates and secondary amines are the most appealing to
functionalize precursors 2a-b, because the reactions can be carried out under mild conditions, with
roughly stoichiometric amounts of reagent, and with some control over the degree of substitution
on the PDI. As a glass with a thiol group has already been reported by Lebel group (glass 1) and
can be easily synthesized in high yield from simple precursors, it constituted the most elegant
solution for the synthesis of glass-forming PDI derivatives. Furthermore, PDI derivatives with
amino bay substituents undergo a significant shift in their absorption, while sulfide substituents
impact the electronic properties of the conjugated system in a more subtle fashion, thereby
allowing a higher tunability through the introduction of additional substituents.
Dibromo precursors 2a-b could be substituted only at the 2 position of the PDI core with
thiol-functionalized glass 1 in the presence of K2CO3 with a slight excess of glass 1 in THF at
ambient temperature to give monoadducts 3a-b as major products, along with small quantities of
unreacted precursors 2a-b and the corresponding bis-adducts, which are only sparingly soluble in
most organic solvents (and therefore not promising candidates for solution-processed PV cells).
Both products could be easily purified by filtration on a short silica pad with AcOEt/CH2Cl2 (1:4)
for compound 3a, or with AcOEt/Hexanes (1:1) for compound 3b, to give after drying pure
products 3a-b in 69% and 68% yield, respectively as shown in Scheme 1.
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Scheme 1. Synthesis of PDI glasses 3-4.

As compounds 3a-b are still substituted with a bromo group, other nucleophiles can be
introduced at the 7-position of the perylene ring system to tune its electronics, and its absorption
range. An amino substituent was selected because these strongly electron donating groups are
known to result in to strongly red-shifted absorption maxima (more than 100 nm). These two series
of acceptor materials can harvest different portions of the visible range to complement absorption
from donor materials. Analogues 4a-b substituted with a pyrrolidinyl group were synthesized from
42

compounds 3a-b by reaction with pyrrolidine in THF at ambient temperature in 82-98% yields as
shown in Scheme 1. Alternatively, compounds 4a-b can also be synthesized directly from
precursors 2a-b in a one-pot procedure where both bromo groups are displaced sequentially with
glass 1 and pyrrolidine, followed by a single purification step by chromatography.
2.3.2 Thermal Properties of PDI glasses 3-4
As with other dyes functionalized with mexylaminotriazine units previously reported,
compounds 3-4 readily form glassy solids upon drying from a solution that remain amorphous
over time. Differential Scanning Calorimetry (DSC) confirmed that compounds 3-4 indeed show
glass transitions. Bulky bis(2,6 diisopropylphenyl) imides 3a and 4a show very high Tg values
ranging from 186 ℃ to 206 ℃ (Table 2.1), while more flexible dioctyl imides 3b and 4b show Tg
values between 86 and 91 ℃. DSC curves for all four compounds are shown in Figure 2.2. The
structural features that impact Tg the most in this series are the nature of the imide groups.
Derivatives 3a-4a with rigid and bulky 2,6-diisopropylphenyl groups showed Tg values over 100
℃ higher than their analogues with flexible octyl chains 3b-4b, which is likely attributable to the
available degrees of freedom of linear alkyl chains, considering that the rest of the molecule is
relatively rigid: the perylene ring system is fused, and triazine amino groups are strongly
conjugated. As a result, compound 3a, for instance, possesses few unhindered rotational degrees
of freedom, making it difficult to generate free volume through molecular motion. Pyrrolidinylsubstituted glasses 4a and 4b also undergo glass transition at slightly lower temperatures than their
bromosubstituted precursors 3a-b, because of the higher flexibility of the pyrrolidine ring.
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Figure 2.2 Differential Scanning Calorimetry (DSC) scans for PDI derivatives 3-4, recorded at a
heating rate of 5 ºC/min. a) PDI glasses 3a-4a, b) PDI glasses 3b-4b.
Table 2.1 Glass transition temperature (Tg) values for PDI functionalized glasses 3-4.
Compound

Tg (℃)

3a

206

3b

91

4a

196

4b

86

No crystallization was observed upon heating for compounds 3-4, but in the case of glasses
3a and 4a, heating the samples past their Tg resulted in partial decomposition, which was confirmed
by 1H NMR spectroscopy. The DSC measurements thus had to be performed on different samples
to confirm the Tg values, as they decreased steadily upon repeated heating cycles. Compounds 3b
and 4b could be safely heated up to 200 ℃, and did not show any signs of crystallization upon
heating. While the absence of undesirable crystallization on heating could not be verified reliably
for compounds 3a and 4a, they undergo glass transition at temperatures so high that crystallization
will not occur under standard operating conditions.
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2.3.4 Optical Properties of PDI glasses 3-4
As with all PDI derivatives, glasses 3-4 absorb strongly in the visible range. UV-visible
absorption spectra of compounds 3-4 were thus recorded in CH2Cl2 solution and shown in Figure
2.3a. Absorption maxima and extinction coefficients are reported in Table 2.2. It can be observed
that the presence of the mexylaminotriazine moieties bonded to the PDI through a sulfide group
results in a slight red shift, while amino-substituted analogues 4a-b instead shows two absorption
bands, one near 430 nm, and a larger one near 660 nm, which is characteristic of PDI dyes with
amino bay substituents. Unlike precursors 2a-b, however, no significant fluorescence could be
observed from compounds 3-4 in solution, possibly a result of self-quenching by the triazine group.

Figure 2.3 UV-Visible spectra of PDI glass derivatives 3-4. a) 50 mM solution in CH2Cl2; b) thin
solid films spin-coated from CH2Cl2.
The UV-Visible spectra of thin films of glasses 3-4 prepared by spin coating from CH2Cl2
solution were recorded and shown in Figure 2.3 b. Their absorption maxima are listed in Table
2.2. The absorption bands for monoadducts 3a and 4a underwent a slight red shift, which is likely
a consequence of a higher-polarity environment relative to solution. Compounds 3b and 4b, on the
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other hand, showed larger absorption shifts, from 548 to 564 nm for compound 3b, and from 433
to 443 nm for compound 4b. Moreover, the absorption bands of compounds 3b-4b showed a more
important broadening between the solution and solid state than those of compounds 3a-4a.
Table 2.2 Absorption bands and HOMO-LUMO energy gaps for PDI-functionalized glasses 3-4
in CH2Cl2 solution (50 µM) and as solid thin films.
ε (CH2Cl2)

3a

λmax (CH2Cl2)
(nm)
548

3b
4a

Compound

4b
a

Compound

a HOMO-

24200

554

LUMO gap
1.96

548

17600

564

1.80

435

13700

436

664

22400

668

433

11400

443

656

15800

658

1.63

1.61

HOMO-LUMO gaps were calculated from EHOMO-LUMO =1240/λonset.

These observations hint towards the more efficient formation of pi stacked aggregates in
the solid state. Compounds 3a-4a possess extremely bulky 2,6-diisopropylphenyl imide
substituents, which are perpendicular to the PDI ring system because of the isopropyl groups in
the ortho positions. As a result, the PDI core is shielded from interacting with the PDI moieties
from other molecules. On the other hand, linear octyl chains generate less steric hindrance around
the PDI group, leading to more efficient pi-stacking. Again, no noticeable fluorescence was
observed on thin films of dyes 3-4.
2.3.5 Electrochemical Properties of PDI glasses 3-4
The reduction potentials of compounds 3-4 were measured by cyclic voltammetry. 0.01 M
solutions of PDI glasses 3-4 and 0.1 M n-Bu4NPF6 were prepared in acetonitrile. The electrolytic
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cell was previously cleaned with acetonitrile, half filled with 0.1 M n Bu4NPF6 and outgassed with
bubbling N2. A small amount of ferrocene was added to it as internal standard and stirred. The
starting potential was higher than the reference electrode potential to ensure that the species of
interest was completely oxidized. The solution was scanned at a rate of 100 mVs-1. Cyclic
voltammograms are shown in Figure 2.4. In all cases, a single reversible reduction signal was
observed, with compound 3b showing an additional small oxidation signal. The values for the
reduction potentials are listed in Table 2.3. From the reduction potentials, the LUMO energy levels
for compounds 3-4 could be calculated by comparison to ferrocene (-4.8 eV) using ELUMO= Ered1/2E1/2(ferrocene) + 4.8.

Figure 2.4 CVs of the synthesized PDI-glass derivatives on glassy carbon electrode in 0.1M [TBA
PF6]/CH3CN at 100 mVs-1. (a) 3a, (b) 3b, (c) 4a & (d) 4b.
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From the LUMO energy levels and the values for the HOMO-LUMO gaps measured by
UV-visible spectroscopy, the HOMO levels could be calculated, and are listed in Table 2.3.
HOMO and LUMO energy levels for compounds 3-4 are in agreement with published values for
PDI derivatives substituted in the bay area: the HOMO and LUMO energy levels for 2,7-dibromo
PDI derivatives are close to -6.1 and -3.9 eV, respectively, while for more electron-rich 2,7bis(pyrrolidinyl) analogues, these values are close to -5.2 and -3.5 eV [47]. The impact of the imide
groups was minimal, with bis(octyl) derivatives showing slightly higher LUMO levels and slightly
lower HOMO-LUMO gaps, perhaps because of the formation of aggregates in solution. In
comparison, the HOMO and LUMO levels of PC61BM are -6.1 and -3.7 eV, [19] which is close to
the LUMO energy levels of pyrrolidinyl derivatives 4a-b.
Table 2.3 Reduction potentials and HOMO and LUMO energy levels for compounds 3-4.
Compound

Ered1/2 (V)

EHOMO (eV)

ELUMO (eV)

EHOMO-ELUMO
(eV)

3a

0.32

5.88

3.92

1.96

3b

0.40

5.78

3.98

1.80

4a

0.50

5.43

3.80

1.63

4b

0.46

5.31

3.76

1.61

2.3.6 Mobility of PDI glasses 3-4
Diodes incorporating compounds 3-4 were fabricated with the configuration
ITO/ZnO/PDI-glass /MoO3/Ag to measure the electron mobility of PDI glasses 3-4. Electron
mobility was calculated using the Mott-Gurney space-charge-limited current (SCLC) equation by
fitting current-voltage curves in log-log scale, [49] and values are reported in Table 2.4. From
Table 2.4, it can be observed that PDI glasses 3-4 show relatively low mobility values in the 10-8
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to 10-6 range, possibly a consequence of the lack of long-range order associated with the
amorphous state. Octyl-functionalized derivatives 3b and 4b were found to display mobilities one
order of magnitude higher than their 2,6-diisopropylphenyl analogues 3a-4a, reinforcing the
hypothesis that the less hindered octyl chains lead to stronger π-stacking between perylene
moieties. Surprisingly, bromo derivatives 3a-b also showed mobilities nearly ten times higher than
pyrrolidinyl analogues 4a-b, despite the latter showing smaller HOMO-LUMO gaps. It is likely
that the larger pyrrolidinyl groups also negatively impact interactions between the PDI groups in
the solid state, leading to less efficient electron transport.
Table 2.4 Electron mobility values for PDI-functionalized glasses 3-4.
Compound

Mobility (cm2V-1s-1)

3a

1.29 x 10-7

3b

4.00 x 10-6

4a

6.34 x 10-8

4b

3.30 x 10-7

2.3.7 Absorption Spectra for P3HT Blends with PDI Glasses
Films of P3HT blends with PDI glasses 3-4 were cast in a 1:1 ratio from dichlorobenzene
and annealed at 110 °C for 10 minutes. The normalized UV-Visible absorption spectra of the thin
film blends of P3HT with PDI glasses 3-4 are shown in Figure 2.5 along with the spectra of both
individual components. It can be observed that for bromo derivatives 3a-b, the contribution of the
PDI acceptor to the absorption of the blend in the visible range is negligible, because of the overlap
between the absorption bands of both components. In the case of pyrrolidinyl derivatives 4a-b,
additional shoulders corresponding to the absorption maxima of the PDI derivatives can be seen
in the absorption band of the blend. This was more pronounced for compound 4a, where an
additional band near 600 nm was observed.
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Figure 2.5 UV-Vis absorption spectra of films of blends of P3HT with PDI glasses 3-4. (a) 3a,
(b) 3b, (c) 4a, and (d) 4b.
2.3.8 Atomic Force Microscopy Images for P3HT Blends with PDI Glasses
The surface morphology of the blend films was studied by AFM. Figure 2.6 shows the
surface topographic images for blends of P3HT with PDI-glass derivatives 3-4 in a 1:1 ratio after
annealing at 110 °C for 10 minutes. The topographic images of the blends of P3HT with
compounds 3-4 all show relatively smooth surfaces with root mean square roughness ranging from
26 nm for compound 3b to 41 nm for compound 4a. High surface roughness is typically associated
with the presence of large aggregated features that decrease exciton dissociation and charge
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collection in the device and result in lower photocurrent and efficiency [20]. The surface of blends
of P3HT with dioctyl imide derivatives 3b and 4b are relatively smoother with root mean square
roughness roughly 10 nm lower than their bis(2,6-diisopropylphenyl) analogues 3a and 4a. PDI
derivatives with pyrrolidinyl bay substituents 4a-b also show higher roughness compared to their
bromo-substituted analogues 3a-b, which is likely due to the higher steric hindrance of the
pyrrolidinyl groups that impact the crystallization of P3HT in the blend, resulting in the presence
of larger aggregates. Considering surface topography, octyl derivatives 3b-4b are expected to show
better device performance than analogues 3a-4a due to the more optimal facilitation of charges in
the devices. Furthermore, despite the fact that the LUMO level of compound 4b is closer to that of
P3HT than its bromo analogue 3b, and compound 4b contributes more to the overall absorption of
the blend, compound 3b exhibits a smoother surface, and thus should show higher efficiency.

Figure 2.6 AFM topographic images (5 µm x 5 µm) for blends of P3HT with PDI glasses 3-4 after
annealing at 110 ℃ for 10 min; (a) 3a, (b) 4a, (c) 3b, and (d) 4b.

51

2.3.9 X-ray diffraction (XRD) for P3HT Blends with PDI Glasses
The crystallinity and packing behavior of the P3HT: PDI-glass blends in a 1:1 ratio were
further studied by XRD. The XRD results for films of blends of P3HT with PDI glasses 3-4 after
annealing at 110 ℃ for 10 min are shown in Figure 2.7. Diffractograms of the P3HT blends with
all four PDI glasses are similar. One prominent diffraction peak was observed for all blends at an
angle (2θ =5-7ο) showing the first order structure of P3HT with a d spacing of 1.7 nm. The pristine
films of P3HT: PDI blends exhibit weak signals as compared to annealed samples. The weak
signals observed for pristine films are due to the low-order structure of P3HT. After annealing, the
diffraction peak is increased in all four blend films but more pronounced in films of P3HT with
bromo derivatives 3a-b. Interestingly, in the blends with compound 3a-b, the P3HT crystalline
peak was more intense than in the blend with pyrrolidinyl analogues 4a-4b, hinting that compound
3b, while remaining amorphous, promotes crystallization of P3HT in the blend. The slight increase
of peak intensity for P3HT blends with 4a-b as compared to 3a-b suggests little modification in
the packing of PDI glass molecules upon improved phase separation. It is therefore suggested that
the pyrolidinyl groups in compounds 4a-b hinder the crystallization of P3HT.

Figure 2.7 XRD for the blend films of P3HT with PDI derivatives (a) 3a and 4a (b) 3b and 4b
spin-coated in dichlorobenzene solution.
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2.3.10 Photoluminescence Quenching for the Blends of Polymer/ PDI-Glasses
The electron acceptor behavior of PDI glasses 3-4 was further studied by
photoluminescence quenching, which is a characteristic behavior of acceptor materials in
photovoltaic applications [22]. Photoluminescence quenching for representative PDI glasses 3a
and 3b were studied by the deposition of blends of compound 3a with highly luminescent polymer
MDMO-PPV[Poly(2-methoxy-5(3’7’-dimethyloctyloxy)-1,4-phenylene-vinylene],

and

of

compound 3b with P3HT. The photoluminescence (PL) spectra of the blends were then recorded
under a 360 nm LED excitation source. The PL spectra are depicted in Figure 2.8. The emission
spectrum of pure MDMO-PPV shows a broad and intense band in the wavelength range 400-550
nm (Figure. 2.8 a), while P3HT shows a band in the range 600-750 nm (Figure 2.8 b). As the
concentration of PDI-glass is increased, the intensity of PL decreases for both polymers, and is
totally quenched at PDI-glass concentrations above 8 wt% for MDMO-PPV, while a 10 wt%
concentration of PDI-glass resulted in a two-fold decrease in the PL intensity of P3HT. The
quenching of polymer luminescence by PDI glasses 3a and 3b is attributed to electron transfer
from the photo-excited donor polymer to the acceptor PDI molecules, as observed by Nikitendo et
al. in the study of photoluminescence quenching of MDMO-PPV by fullerene derivatives [48].
The strong PL quenching by the PDI glasses suggests that in both cases, the two components exist
as intimate blends constituted of small domains, rather than fully segregated biphasic structures.
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Figure 2.8 Photoluminescence quenching of (a) MDMO-PPV with different concentration of PDI3a & (b) P3HT in different concentration of PDI-glass-3b.
2.3.11 Current-Voltage Characteristics of PDI-glass devices
Photovoltaic cells with inverted configurations were fabricated with blends of P3HT with
PDI glasses 3-4 with P3HT: PDI-glass compositions of 1:2, 1:1 and 2:1 by mass. The blends were
deposited by spin coating from dichlorobenzene solution on ITO substrates coated with 30 nm of
ZnO. After annealing at 110 ℃ for 10 min, which was determined to be the optimal annealing
time, the active layers were then coated with a layer of MoO3 and an Ag electrode. Photovoltaic
measurements were performed in ambient condition using light from a Xenon source calibrated
with an AM 1.5 solar simulator to reproduce an incident light intensity of 100 mWcm-2. The
measurements were carried out at ambient atmosphere. The current-voltage characteristics in the
dark for PDI glasses 3-4 are shown in Figure 2.9 and in light are shown in Figure 2.10.
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Figure 2.9 Dark current-voltage curves of ITO/ZnO/P3HT: PDI-glass/MoO3/Ag with PDI glass
(a) 3a, (b) 3b, (c) 4a, and (d) 4b.
In all cases, the current density-voltage curves of the devices in the dark Figure 2.9 show
a rectification effect, indicating the formation of p-n junctions in the active layer. The device
fabricated with 3b shows the least leakage current showing superior PV performance.
The power conversion efficiency (PCE) was calculated from the value of open-circuit
voltage (Voc), short-circuit current density (Jsc) and fill factor (FF) with the following equation:
PCE = Pout/Pin = Jsc ×Voc × FF/Pin, where Pin represents the power of incident light (mWcm-2). The
fill factor was calculated from the values of Voc, Jsc, and maximum power (Pmax) according to the
following equation: FF = Pmax/Jsc× Voc = Jmax × Vmax/Jsc × Voc, where Jmax and Vmax are the current
density and voltage at maximum power respectively. The photovoltaic parameters of devices
fabricated with PDI glasses 3-4 with varying donor-acceptor ratios are reported in Table 2.5.
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Figure 2.10 Current-voltage curves of ITO/ZnO/P3HT: PDI-glass/MoO3/Ag with PDI glass (a)
3a, (b) 4a, (c) 3b, and (d) 4b under illumination with an intensity of 100 mW cm-2.
Devices fabricated with bis (2,6-diisopropylphenyl) imide derivatives 3a-4a showed
comparable efficiencies, which increased as the P3HT fraction increased, to reach maxima of
0.23% and 0.21% respectively for ratios of 2:1. Further increasing the PDI-glass in the P3HT:PDI
blend did not result in an improvement of the efficiency. Jsc and FF values were also higher for
devices built with glass 3a, while Voc was higher for glass 4a, possibly a consequence of the higher
LUMO level of compound 4a. This behavior is consistent with observations reported in the
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literature [14]. On the other hand, devices fabricated with dioctylimide analogues 3b and 4b
showed power conversion efficiencies three times higher, with maximal observed efficiencies of
0.66% and 0.63%, respectively. The current density was also increased by values ranging from
66% to 150%, while fill factors were increased by 16%-19%. Interestingly, for the octyl
derivatives, higher efficiencies were observed with increasing the fraction of PDI relative to P3HT,
which is a trend opposite to that observed for analogues 3a-4a. The imide groups obviously play
an important role in the performance of the materials as electron acceptors.
Table 2.5 Photovoltaic parameters of ITO/ZnO/P3HT: PDI-glass/MoO3/Ag bulk-hetero junction
devices with PDI glasses 3-4 under illumination with an intensity of 100 mWcm-2.
PDI-glass

P3HT:PDI

Jsc (mAcm-2)

Voc (V)

FF

PCE (%)

3a

2:1

1.49

0.44

0.34

0.23

1:1

0.74

0.42

0.45

0.14

1:2

0.69

0.42

0.36

0.11

2:1

1.53

0.60

0.41

0.37

1:1

2.23

0.62

0.43

0.60

1:2

2.48

0.62

0.43

0.66

2:1

0.90

0.60

0.37

0.21

1:1

0.50

0.65

0.34

0.10

1:2

0.50

0.55

0.29

0.08

2:1

1.24

0.64

0.44

0.34

1:1

2.00

0.64

0.43

0.55

1:2

2.33

0.64

0.42

0.63

3b

4a

4b

As suggested previously, while bulky 2,6-diisopropylphenyl groups shield the perylene
core from individual molecules, the linear octyl chains lead to more optimal π- π stacking of the
PDI moieties, thereby improving electron transfer between acceptor molecules. For both the 2,6diisopropylphenyl and octyl series, efficiencies were comparable between bromo-substituted
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derivatives 3a-b and pyrrolidinyl derivatives 4a-b. While pyrrolidinyl analogues 4a-b better
contributed to the overall absorption of the blends and possess LUMO levels closer to the LUMO
level of P3HT, bromo derivatives 3a-b gave films with smoother topographies that are a result of
smaller crystalline P3HT domains. Compound 3b also favored the crystallization of P3HT, as
observed by XRD.
Analysis of current voltage characteristics reveal that incorporation of PDIs 3b and 4b into
P3HT cells does not degrade the electrical characteristics of the blend; in particular, the series and
shunt resistances that are given by the inverse of the slopes of the curves at zero and positive bias,
respectively are independent of the molar fraction of PDI-glass. That is opposite to the situation
with 3a and 4a, which reveals that octyl-substituted PDIs do not add charge traps or recombination
centers into the cells [49]. Interestingly, the fact that the acceptor domains are completely
amorphous within the devices does not prevent the molecules to pack in a way that allows electron
transfer over long range, leading to photovoltaic efficiencies that are in the upper range of reported
values for photovoltaic cells with P3HT and similar PDI derivatives. In comparison, reported
efficiencies of PV cells with bis(3-pentyl) PDI and a 1,4,5,8-tetraalkyl analogue have yielded
efficiencies of 0.25% and 0.5%, respectively [10,41], while a PDI derivative with acenaphthenyl
bay substituents gave a PCE of 0.96% [21]. In fact, all reported instances of PDI derivatives giving
significantly higher efficiencies with P3HT as donor contain two or more PDI moieties bridged by
an aromatic linker, rather than a single PDI unit [50-53].
2.4 Conclusions
Four glass-forming perylenediimide derivatives containing mexylaminotriazine groups in
the bay position were synthesized, characterized, and incorporated as electron acceptor materials
in solution-processed organic photovoltaic cells with P3HT as a donor. It was found that while
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devices with all four materials showed photovoltaic behavior, bulky groups at the imide position
hindered the π- π stacking necessary for electron transport. On the other hand, the bay substituents,
used to tune the absorption in the visible range and the HOMO and LUMO levels, showed little
impact on device performances. Even though the acceptor materials were completely amorphous
in the devices, proper packing of the molecules allowing descent electron transport could be
attained, leading to devices with power conversion efficiencies reaching 0.66%, which are
comparable to performances of other perylenediimide derivatives and P3HT and to earlier results
using fullerene derivatives. Further optimization of the devices will be undertaken in the future
and is expected to yield improved performance.
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Chapter 3
Diketopyrrolopyrrole (DPP) Derivatives as Promising Non-Fullerene
Electron Acceptors
3.1 Introduction
Organic photovoltaic (PV) cells are an attractive alternative to silicon-based solar cells
because of their potential for low cost, lightweight, and flexible devices for large-scale production
[1-6]. In two decades, significant progress has been achieved in the development of solutionprocessed bulk heterojunction (BHJ) organic PV cells, and the technology has reached the early
stages of commercialization [7, 8].
The power conversion efficiency of organic photovoltaic cells has increased rapidly over
the past five years using low band gap polymers as donors and fullerene derivatives as acceptors,
and conversion efficiencies over 9% using several different systems have been reported since then
[9, 10]. The bulk heterojunction is achieved by blending the n-type and p-type materials to increase
the area of the interface between the donor and acceptor phases to generate more exciton
dissociation/charge separation sites to yield a higher number of charges [11],[12, 13]. Phase
segregation of the donor and acceptor materials into distinct domains is crucial for trap-free charge
transport, [14] but domains that are too large (more than ~10-20 nm) result in lower photocurrent
due to higher recombination.
While efficiency enhancements have been primarily related to the development of
improved donor polymers or small molecules that show improved properties such as high
absorption, hole mobility, and adequately tuned HOMO and LUMO levels [15, 16], fullerene
derivatives remain the most widely used acceptors due to their high electron affinity, high electron
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mobility, and good ability to form favorable nanoscale networks with donor materials [17, 18].
However, the potential of fullerenes as acceptor materials in photovoltaics suffer from some
limitations: 1) they absorb weakly in the visible range, 2) the tunability of their energy levels is
limited, 3) their synthesis is cost-prohibitive, and 4) their limited solubility can make their
processing into thin films difficult [11].
As donor materials have been developed in relation to their compatibility with fullerene
acceptors, the development of acceptor materials for organic photovoltaics has been comparatively
slower [1, 12]. However, to produce organic PV cells with optimal power conversion, it is
imperative to develop better-performing acceptors [13].
As an alternative to fullerenes, polymer acceptors have been used in OPV cells to reach
efficiencies up to 1.8% with poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3,7dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) [14]. These
polymers possess certain advantages over fullerenes such as superior absorption, higher LUMO
level and tunable energy levels. However, they also possess significant drawbacks such as batchbatch variation in molar mass, deep traps and defects in the acceptor polymer network [19]. Small
molecules such as benzothiazoles have been used as non-fullerene acceptors in bulk heterojunction
PV cells with Poly(3-hexylthiophene)/Polyphenylene Vinylene (P3HT/PPV) as donor. Bloking et
al. reported a power conversion efficiency (PCE) of 2.54% for a solution-processed P3HT/nonfullerene BHJ solar cell with an open-circuit voltage (Voc) of 0.96 V for 4,7-bis(4-(N-hexyl
phthalimide)vinyl)benzo[c]1,2,5-thiadiazole [20]. In addition, fluoranthene-fused imide (FFI)
based acceptors are another class of non-fullerene acceptors that have been used in solution
processed bulk heterojunction solar cells and reported highest efficiency of 2.90% with P3HT as
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a donor [9]. Perylenediimide-based materials are another class of promising non-fullerene
acceptors, and efficiencies up to 2.3% were reported for these materials with P3HT as donor [21].
As most small-molecule acceptors readily crystallize, device performance can be highly
sensitive to processing conditions, including deposition and annealing conditions [22]. Finding
optimal device fabrication conditions can therefore be time-consuming. More importantly, device
performance using crystalline acceptors is also dependent on cohesion with the donor material.
Proper interfacial contact between donor and acceptor domains to allow charge transport is crucial
for optimal device performance, thereby making screening device fabrication conditions
unnecessarily complex [23].
As an alternative, small-molecule materials can also be used in the amorphous state [24].
While most small molecules tend to crystallize, some compounds possess the ability to remain in
the amorphous state for extended periods of time [14]. Such compounds are called molecular
glasses, or amorphous molecular materials, and they combine the monodisperse nature of small
molecules and all the related advantages (ease of purification and characterization, batch-to-batch
homogeneity) with the capacity to form high-quality amorphous thin films [25],[26]. Typically,
compounds designed to form glasses require their molecular structures to be strategically designed
for this purpose, and as a result possess bulky, non-planar and irregular shapes, and generally
interact weakly with neighbouring molecules. To ease the design of functional molecular glasses,
approaches where glass-forming derivatives of chromophores are synthesized by functionalization
with peripheral groups have been reported by several groups in the literature [27, 28].
Mexylaminotriazines are one such family of glass-forming materials that usually show
outstanding glass-forming ability, high kinetic stability towards crystallization, and glass transition
temperature (Tg) values that can be modulated by tuning their molecular structures [29-32]. Glass-
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forming mexylaminotriazine derivatives can bear functional groups that can be bonded in a
covalent fashion to chromophores, thereby yielding adducts that can remain indefinitely in the
amorphous state at operating temperatures, while preserving the optical and electronic properties
of the chromophore with minimal perturbation [32-34].
Previously, our group showed that amorphous materials could be successfully used as
acceptor materials in organic PV cells by reporting up to 0.66% efficiency using amorphous
perylenediimide (PDI) derivatives as acceptors with benchmark donor polymer P3HT in solutionprocessed organic PV cells [32]. While these values were in the same range as cells using
analogous crystalline PDI reported by other groups as acceptors, their respective molecular
structures showed enough differences to show a disparity in energy levels. As a result, an adequate
comparison between amorphous and crystalline materials could not be achieved. Furthermore,
simple PDI derivatives typically yield low (<1%) conversion efficiencies with P3HT as donor,
therefore more efficient alternatives were sought.
Currently, diketopyrrolopyrrole (DPP) derivatives are one of the most appealing classes of
non-fullerene acceptors for many reasons: simple large-scale synthesis, high photochemical and
thermal stability, strong absorption in a broad range of the visible spectrum, and strong electrondeficient character [35, 36]. The LUMO level of the desired materials can also easily be tuned by
functionalizing the peripheral aromatic rings with a wide range of functional groups. Depending
on substituents, simple small-molecule DPP derivatives can yield efficiencies up to 3.0% with
P3HT as donor [37].
In this work, a glass-forming rhodanine-subsituted DPP derivative containing a
mexylaminotriazine group (DPP-glass), along with a crystalline analogue with an ethyl chain
(DPP-Et), were synthesized, characterized and incorporated into organic photovoltaic cells with
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P3HT as donor. In the devices using DPP-glass, the acceptor domains remained amorphous, while
in devices with DPP-Et crystallization occurred upon annealing. Interestingly, efficiencies up to
2.54% could be attained with devices using DPP-glass, compared to 1.59% in devices using its
crystalline analogue DPP-Et. The use of an amorphous acceptor material thus resulted in a higher
performance than with a closely similar crystalline material, despite the glass-forming material
containing larger non-electroactive groups.
3.2 Experimental
3.2.1 Materials
The patterned Indium tin oxide (ITO) coated glasses used as substrates were purchased
from Luminescence Technology Corporation, with ITO film thickness approximately 135±15 nm
and sheet resistance 15 Ωsq-1. Regioregular poly (3-hexylthiophene-2,5-diyl (P3HT) used as
electron donor was purchased from Rieke Metals. Molybdenum oxide used as hole transport layer
was purchased from Alfa Aesar. Zinc oxide (ZnO) used as electron transporting material was
synthesized by the sol-gel method as reported in the literature [2]. 2-Mexylamino-4-methylamino6-(2-aminoethyl)amino-1,3,5-triazine(1)_and_2,5-dihexyl-3-(5-bromothiophene-2-yl)-6(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione (3) were synthesized according to literature
procedures [33, 38]. All other reagents were purchased from commercial sources and used without
further purification.
3.2.2 Instrumentation
Glass transition temperatures were determined with a TA Instruments 2010 Differential
Scanning Calorimeter calibrated with indium at a heating rate of 5 °C/min from 30 to 250 °C.
Values were reported as the half-height of the heat capacity change averaged over two heating
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runs. FTIR spectra were acquired with thin films cast from CH2Cl2 on KBr windows using a
Perkin-Elmer Spectrum 65 spectrometer. NMR spectra were acquired on either a 400 MHz Bruker
AV400 or on a 300 MHz Varian Oxford spectrometer. UV-Visible absorption spectra were
acquired using a Hewlett-Packard 8453 spectrometer or an Olid® HP8452 Diode Array
Spectrometer. Luminescence was measured with a USB2000-Ocean Optics spectrometer. XRD
data were obtained using an Xpert Pro Philips powder X-ray diffractometer. The morphology of
DPP-glass derivatives films and P3HT/DPP-rhodanine films were characterized using an Ambios
Multimode Atomic Force Microscope (AFM) in tapping mode with 300 KHz resonant frequency
cantilever. Current density-voltage (J-V) measurements were carried out using a Keithley 4200SCS in the dark and under illumination. All the photovoltaic parameters of the inverted cells were
measured at ambient conditions using a Xenon light with an intensity of 100 mWcm-2 calibrated
with an AM 1.5 solar simulator.
3.2.3 Synthesis
3.2.3.1 Synthesis of Rhodanine Glass 2
To a mixture of NH2-glass 1 (5.0 g, 17.4 mmol) and triethylamine (6.48 mL, 4.71 g, 46.5
mmol) in methanol (50 mL) in a round-bottomed flask equipped with a magnetic stirrer was added
CS2 (1.05 mL, 1.32 g, 17.4 mmol) dropwise at ambient temperature. The mixture was stirred 1 h,
at which point KI (0.289 g, 1.74 mmol) and ethyl chloroacetate (1.92 mL, 2.19 g, 17.9 mmol) were
added, and the mixture was allowed to stir for 18 h at ambient temperature. CH2Cl2 and aq. AcOH
(1M) were then added, and both layers were separated. The organic layer was recovered, washed
with aq. NaHCO3 and H2O, dried over Na2SO4, filtered, and the volatiles were evaporated under
reduced pressure. The crude product was dissolved in MeOH then filtered on a short silica pad
with AcOEt to yield, after thorough drying, 4.76 g pure compound 2 (11.8 mmol, 68%): Tg 76 °C;
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FT-IR (KBr/CH2Cl2) 3404, 3274, 3945, 2921, 2859, 1625, 1604, 1581, 1561, 1524, 1434, 1396,
1362, 1326, 1216, 1201, 1144, 1104, 1086, 1066, 1026, 998, 882, 840, 808, 735, 687 cm-1; 1H
NMR (400 MHz, DMSO-d6, 363 K) δ 8.27 (s, 1H), 7.37 (s, 2H), 6.57 (s, 1H), 6.48 (br s, 1H), 6.31
(br s, 1H), 4.15 (t, 3J = 5.9 Hz, 2H), 4.13 (s, 2H), 3.58 (q, 3J = 5.9 Hz, 2H), 2.83 (d, 3J = 4.1 Hz,
3H), 2.23 (s, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 203.2, 174.4, 165.6, 163.5, 140.3, 136.9,
122.7, 117.2, 43.8, 37.2, 35.5, 27.1, 21.2 ppm; HRMS (ESI, MNa+) calcd. for C17H21NaN7OS2
m/e: 426.1141, found: 426.1134.
3.2.3.2 Synthesis of 4-formylphenyl-DPP 4
Monobromo DPP precursor 3 (0.548 g, 1.00 mmol), 4-formylphenylboronic acid (0.187 g,
1.25 mmol) and K2CO3 (0.173 g, 1.25 mmol) were added to PhCH3/EtOH/H2O (3:1:1) (35 mL) in
a round-bottomed flask equipped with a magnetic stirrer and a water-jacketed condenser. The
mixture was degassed by purging N2 for 15 min, then Pd(PPh3)4 (0.035 g, 0.03 mmol) was added,
and the mixture was refluxed 18 h under N2 atmosphere. After cooling down to ambient
temperature, CH2Cl2 and H2O were added, then both layers were separated and the remaining
precipitate was discarded. The aqueous layer was extracted twice with CH2Cl2, then the combined
organic extracts were dried over Na2SO4, filtered, and the volatiles were removed under vacuum.
The crude product was purified on silica using CH2Cl2 as eluent to afford, after drying, 0.370 g of
the title compound (0.646 mmol, 65%): Tm 205 °C; FT-IR (KBr/CH2Cl2) 2953, 2925, 2856, 1727,
1705, 1658, 1600, 1558, 1462, 1417, 1404, 1369, 1338, 1306, 1281, 1240, 1230, 1212, 1171, 1120,
1102, 1080, 1069, 1024, 858, 834, 808, 730, 704, 691 cm-1; 1H NMR (400 MHz, CDCl3) δ 10.02
(s, 1H), 8.95 (d, 3J = 4.2 Hz, 1H), 8.93 (d, 3J = 4.2 Hz, 1H), 7.92 (d, 3J = 8.2 Hz, 2H), 7.82 (d, 3J
= 8.2 Hz, 2H), 7.65 (d, 4.2 Hz, 1H), 7.59 (d, 3J = 4.2 Hz, 1H), 7.29 (t, 3J = 4.2 Hz, 1H), 4.09 (m,
4H), 1.76 (m, 4H), 1.44 (m, 4H), 1.33 (m, 8H), 0.90 (m, 6H) ppm; 13C NMR (100 MHz, CDCl3) δ
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191.2, 161.2, 161.2, 147.3, 140.3, 138.9, 138.6, 136.3, 135.9, 135.6, 132.1, 132.0, 131.9, 131.0,
130.5, 129.6, 128.7, 128.5, 128.4, 126.3, 108.5, 107.7, 42.2, 31.4, 29.9, 26.5, 22.5, 14.0 ppm; UVVis (CH2Cl2): λmax (ε) 369 nm (32000), 547 nm (36500), 576 nm (38500); HRMS (ESI, MNa+)
calcd. for C33H36NaN2O3S2 m/e: 595.2060, found: 595.2048.
3.2.3.3 Synthesis of DPP-glass 5
4-Formylphenyl-DPP 4 (1.00 g, 1.75 mmol), rhodanine-glass 2 (0.885 g, 2.19 mmol) and
piperidine (0.216 mL, 0.186 g, 2.19 mmol) were successively added in PhCH3/EtOH 1:1 (50 mL)
in a round-bottomed flask equipped with a magnetic stirrer and a water-jacketed condenser. The
mixture was refluxed for 18 h, after which the volatiles were removed under vacuum. The residue
was purified on silica with CH2Cl2 to remove unreacted starting material, then AcOEt/CH2Cl2 1:1
to recover the desired product. 1.47 g pure compound 5 were thusly obtained after drying (1.54
mmol, 88%): Tg 89 °C; FT-IR (KBr/CH2Cl2) 3410, 3294, 3084, 2953, 2928, 2870, 2856, 1714,
1661, 1586, 1558, 1524, 1438, 1405, 1377, 1361, 1323, 1285, 1247, 1231, 1205, 1186, 1142, 1099,
1069, 1031, 955, 898, 858, 835, 808, 732, 707, 688 cm-1; 1H NMR (400 MHz, DMSO-d6, 363 K)
δ 8.77 (d, 3J = 4.1 Hz, 1H), 8.73 (d, 3J = 4.1 Hz, 1H), 8.15 (br s, 1H), 8.04 (d, 3J = 4.1 Hz, 1H),
7.90 (d, 3J = 8.3 Hz, 2H), 7.87 (d, 3J = 4.1 Hz, 1H), 7.70 (s, 1H), 7.65 (d, 3J = 8.3 Hz, 2H), 7.38 (t,
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J = 4.1 Hz, 1H), 7.31 (s, 2H), 6.53 (s, 1H), 6.52 (br s, 1H), 6.24 (br s, 1H), 4.32 (t, 3J = 5.6 Hz,

2H), 4.04 (m, 4H), 3.69 (m, 2H), 2.79 (d, 3J = 4.8 Hz, 3H), 2.20 (s, 6H), 1.69 (m, 4H), 1.39 (m,
4H), 1.32 (m, 8H), 0.87 (t, 3J = 5.9 Hz, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 192.6, 170.2,
166.7, 165.9, 163.7, 159.6, 146.9, 140.4, 138.4, 137.6, 136.8, 136.1, 134.8, 133.4, 132.3, 131.4,
130.8, 128.8, 128.7, 128.5, 128.0, 125.8, 125.3, 122.5, 121.8, 117.1, 106.8, 106.4, 44.0, 41.4, 37.3,
30.7, 29.1, 27.1, 25.9, 25.1, 22.0, 21.1, 13.8 ppm; UV-Vis (CH2Cl2): λmax (ε) 432 nm (32000), 576
nm (40800); HRMS (ESI, MH+) calcd. for C50H56N9O3S4 m/e: 958.3383, found: 958.3409.
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3.2.3.4 Synthesis of DPP-Et-rhodanine 6
4-Formylphenyl-DPP 4 (0.445 g, 0.777 mmol), ethylrhodanine (0.251 g, 1.55 mmol) and
piperidine (0.153 mL, 0.132 g, 1.55 mmol) were successively added in PhCH3/EtOH 1:1 (20 mL)
in a round-bottomed flask equipped with a magnetic stirrer and a water-jacketed condenser. The
mixture was refluxed for 18 h, after which the volatiles were removed under vacuum. The residue
was re-dissolved in minimal CH2Cl2, poured in hexanes, and the resulting precipitate was collected
by filtration and washed abundantly with hot hexanes to yield, after drying under air, 0.263 g
compound 6 (0.367 mmol, 47%): Tm 176 °C; FT-IR (KBr/CH2Cl2) 2954, 2926, 2871, 2855, 1710,
1658, 1584, 1556, 1528, 1496, 1455, 1435, 1416, 1404, 1375, 1343, 1324, 1287, 1248, 1228, 1192,
1138, 1102, 1085, 1066, 1027, 1011, 898, 859, 842, 811, 764, 730, 703 cm-1; 1H NMR (400 MHz,
CDCl3) δ 8.95 (d, 3J = 4.2 Hz, 2H), 7.77 (d, 3J = 8.2 Hz, 2H), 7.70 (s, 1H), 7.65 (d, 3J = 4.2 Hz,
1H), 7.56 (d, 3J = 4.2 Hz, 1H), 7.53 (d, 3J = 8.2 Hz, 2H), 7.29 (t, 3J = 4.2 Hz, 1H), 4.21 (q, 3J = 7.1
Hz, 2H), 4.09 (q, 3J = 6.7 Hz, 4H), 1.77 (m, 4H), 1.44 (m, 4H), 1.34 (m, 8H), 1.30 (t, 3J = 7.1 Hz,
3H), 0.90 (m, 6H) ppm; 13C NMR (100 MHz, CDCl3) δ 192.5, 167.5, 161.3, 147.7, 140.2, 139.1,
136.6, 135.5, 135.0, 133.4, 131.6, 131.4, 131.0, 130.1, 129.7, 128.7, 126.6, 125.8, 123.5, 108.4,
107.8, 42.2, 39.9, 31.4, 29.9, 29.7, 26.5, 22.5, 14.0, 12.3 ppm; UV-Vis (CH2Cl2): λmax (ε) 429 nm
(33000), 576 nm (38500); HRMS (ESI, M+) calcd. for C38H41NaN3O3S4 m/e: 715.2025, found:
715.2035.
3.2.4 Cyclic Voltammetry
Cyclic voltammograms were recorded using an EG&G Model 263 potentiostat connected
with three electrodes: working electrode (glassy carbon-carbon), reference electrode (Ag/AgCl (in
3 M NaCl) and counter or auxiliary electrode (Pt). 0.01M solutions of DPP derivatives 5-6 and
0.1M n-Bu4NPF6 were prepared in acetonitrile. The electrolytic cell was previously cleaned with
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acetonitrile, half filled with 0.1 M n-Bu4NPF6 and outgassed with bubbling N2. A small amount of
ferrocene was added to it as internal standard and stirred, then the cyclovoltammograms were
recorded at a scan rate of 50 mVs-1.
3.2.5 Device Fabrication
Devices were fabricated according to a previously published procedure [39]. Pre-patterned
ITO substrates obtained from commercial sources were cleaned consecutively in an ultrasonic bath
with detergent powder, distilled water, propanone-2 and 2-propanol for 20 minutes each and finally
dried with air. The substrates were heated on hot plate at 100 °C for 30 minutes to modify the
surface of ITO-glass. The dried substrates were further cleaned with a plasma cleaner for 20
minutes. ZnO precursor gel was spin-coated on cleaned ITO substrate at a rate of 3000 rpm in air.
The substrates coated with ZnO were baked at 200 °C for 1 h. The thickness of ZnO was
approximately 30 nm. Blend solutions of P3HT and DPP derivatives were prepared in
chlorobenzene in different ratios by weight (2:1, 1:1 and 1:2) and stirred for 24 h at 40 °C. The
solutions were filtered through a 0.45 μm poly(tetrafluoroethylene) (PTFE) filter before active
layer deposition. The active layer was spin-coated at 2000 rpm and annealed at 110 °C for 15
minutes. The thickness of the active layer was measured with a Sloan Dektak II profilometer to
range from 100-120 nm. The top and bottom electrodes of the devices were cleaned with a cotton
stick soaked with chloroform to make contacts. Finally, 6 nm of MoO3 and 80 nm of Ag were
deposited with deposition rates of 0.2 Å/s and 1.0 Å/s, respectively, on all the devices using a
physical vapour deposition system (PVD) under high vacuum at a pressure of 6×10 -6 mBar. The
active area of the device was 6 mm2. The inverted device structure and energy alignment is shown
in Figure 4.1a-b.
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For conventional device fabrication, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) was deposited by spin-coating onto cleaned patterned ITO-glass at 4000
rpm and annealed at 140 °C for 20 minutes. The active layer was spin-coated at 2000 rpm range.
Finally, 10 nm Bathocuproine (BCP) and 100 nm of Al were deposited with deposition rates of
0.2 Å/s and 1.0 Å/s, respectively, on all the devices using a physical vapor deposition system
(PVD). The regular device structure and energy alignment is shown in Figure 3.1c-d.

Figure 3.1 Device structure and energy level alignment of photovoltaic cells with DPP derivatives
5-6. (a,b) Inverted cell, and (c,d) conventional cell.
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3.3 Results and Discussion
3.3.1 Synthesis
It has been shown in the literature that DPP derivatives with weakly electron-withdrawing
substituents show optimal performance as acceptor materials in organic PV cells, because the
HOMO and LUMO levels are closer to that of the donor polymers commonly used [19]. In the
current case, to be able to functionalize the DPP core with a mexylaminotriazine group, active
methylene derivatives constitute an appealing way to bond both moieties together, as they can
easily condense with aldehydes. In particular, in the synthesis of both donor and acceptor materials
for photovoltaics, dicyanovinyl or rhodanine groups are often thusly introduced to introduce
strongly electron-withdrawing groups to tune the HOMO and LUMO levels [40, 41]. For this
purpose, a mexylaminotriazine derivative with a rhodanine group (2) could be conveniently
synthesized from amino precursor 1, which was previously reported, [42] with CS2 and ethyl
chloroacetate in the presence of base and KI as shown in Scheme 1 [43].
Scheme 1. Synthesis of rhodanine glass 2.

Rhodanine derivative 2 was condensed with 4-formylphenyl-substituted DPP derivative 4,
which was synthesized by a Suzuki coupling between the previously reported monobrominated
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derivative 3 [33, 38] and 4-formylphenylboronic acid, to give target adduct 5 (referred to as DPPglass) in 62% yield as shown in Scheme 2. This monosubstituted precursor was selected for two
reasons: firstly, to mitigate the electron-withdrawing character of the methylene rhodanine adduct,
and second, to conserve an appreciable solubility in a wide range of solvents, as the presence of a
second triazine group is known to limit solubility to polar solvents such as THF or DMF. n-Hexyl
chains were selected for the amide groups on the DPP core to minimize steric hindrance around
the electroactive moiety. While branched chains result in typically higher solubility, the remote
mexylaminotriazine unit also serves as solubilizing group in the present case, thereby eliminating
the need for bulkier groups.
Scheme 2. Synthesis of DPP rhodanine derivatives 5-6.

Precursor 4 could also be condensed with commercially available ethylrhodanine to yield
analogue 6 (DPP-Et) which is substituted with a simple ethyl chain. While DPP-glass 5 is expected
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to readily form glassy phases, ethyl analogue 6 is expected to crystallize, thereby allowing a direct
comparison of the photovoltaic performance of analogous acceptor materials that differ by their
preferred solid-state packing.
3.3.2. Characterization of DPP derivatives 5-6
3.3.2.1 Thermal Properties of DPP derivatives 5-6
The phase transition temperatures of rhodanine glass 2 and DPP derivatives 5-6 were
probed by Differential Scanning Calorimetry (DSC). As expected, rhodanine derivative 2, like its
amino precursor, readily forms glassy phases with a glass transition temperature (Tg) of 76 °C, and
no crystallization observed upon either prolonged standing or slow heating. Its DPP adduct 5, DPPglass, also shares the glass-forming ability of its precursor with a Tg of 89 °C, and no crystallization
was observed under any of the conditions used. On the other hand, ethyl-substituted DPP analogue
6 (DPP-Et) readily crystallizes, with a melting transition at 176 °C. No glass formation was
observed under operating conditions. DSC curves are shown in Figure 3.2.

Figure 3.2 Differential scanning calorimetry (DSC) scan for rhodanine glass 2 and DPP-glass 5,
(a) Rhodanine glass 2, (b) DPP-glass 5.

79

3.3.2.2 Optical Properties of DPP derivatives 5-6
The UV-visible absorption spectra of DPP-glass 5 and DPP-Et 6 in CH2Cl2 solution and as
thin films spin-coated from CH2Cl2 are shown in Figure 3.3. Both compounds show two closely
similar spectra with two distinct absorption bands at shorter (~ 432 nm) and longer wavelengths
(~575 nm). As compounds 5-6 share the band near 575 nm with their precursor 4, this band can
likely be attributed to the π-π* transition of the DPP core, whereas the band near 430 nm, which
is absent in compound 4, originates from the rhodanine group. Both compounds show a slight red
shift in thin films as compared to solution for both bands. However, the shift is slightly more
pronounced for DPP-glass 5 showing stronger intermolecular interactions (i.e. π-π stacking) in the
solid state. It is noteworthy that these materials exhibit broad absorption in the range 300-750 nm,
which is ideal for enhancing light harvesting, and thus should be beneficial for photovoltaic
performance. The optical band gaps estimated from the absorption edges of the thin films of DPPglass 5 and DPP-Et 6 are 1.87 eV and 1.85 eV respectively.

Figure 3.3 UV-Visible absorption spectra of diketopyrrolpyrrole (DPP) derivatives 5-6 in 0.01 M
CH2Cl2 and as solid thin films.
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Figure 3.4 Normalized Fluorescence Spectra for DPP derivatives 5-6.
The emission spectra for both DPP derivatives in chlorobenzene are shown in Figure 3.4.
These molecules exhibit a purple emission with maxima at 652 and 659 nm for DPP-glass 5 and
DPP-Et 6, respectively. DPP-glass 5 shows a slight (~7 nm) emission blue shift as compared to Et
analogue 6 due to the presence of the remote electron-withdrawing triazine ring in glass 5 [19].
3.3.2.3 Electrochemical Properties of DPP derivatives 5-6
The reduction potentials of DPP-rhodanine derivatives 5-6 were investigated by cyclic
voltammetry (CV) with a standard three–electrode electrochemical cell in an anhydrous
acetonitrile solution at ambient temperature with 0.1M tetrabutylammonium hexafluorophosphate
(Bu4NPF6)

as

a

supporting

electrolyte

and

ferrocene

as

internal

standard.

The

cyclovoltammograms of compounds 5-6 are shown in Figure 3.5. In both cases, a half reduction
signal was measured because DPP-rhodanine derivatives 5-6, as electron acceptors, display very
weak oxidation signals. The values for the reduction potentials are listed in Table 3.1.
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Figure 3.5 Cyclic voltammograms of DPP derivatives 5-6 in 0.1 M Bu4N+ PF6-/CH3CN, at a
scanning speed of 100 mV/s. a) DPP-glass 5, and b) DPP-Et 6.
From the reduction potentials, the LUMO energy levels for DPP-rhodanine derivatives 56 were calculated by comparison to ferrocene (-4.8 eV). From the LUMO energy levels and the
optical band gap, the HOMO levels of DPP-glass derivatives were calculated, and are listed in
Table 3.1. The HOMO and LUMO energy levels for compounds 5-6 are lower than published
values for other previously reported DPP derivatives: the HOMO and LUMO energy levels for
DPP-rhodanine derivatives 5-6 are close to -5.7 and -3.9 eV respectively, whereas typical HOMO
levels for diaryl-DPP derivatives range from -5.1 to -5.4 eV while their LUMO levels range from
-3.3 to -3.5 eV [44]. While it has been shown that groups that are too electron-withdrawing (NO2,
CN) lower device efficiency, these results were reported for symmetrically substituted diaryl-DPP
derivatives, and it is possible that the presence of only one electron-withdrawing group in DPPrhodanine derivatives 5-6 mitigates this effect.
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Table 3.1 Reduction potentials and HOMO and LUMO energy levels for DPP derivatives 5-6.
DPP
DPP-glass
(5)
DPP-Et
(6)

Reduction
Potential
-0.43

Ered(onset)
-0.93

-0.48

-0.98

LUMO

HOMO

-3.87

Optical
gap
1.87

-3.82

1.85

-5.67

-5.74

3.3.2.4 Electron Mobility of DPP derivatives 5-6

High electron mobility is a basic requirement for effective photovoltaic active materials to
ensure effective charge carrier transport to the electrodes and reduce photocurrent loss in organic
PV cells. The electron mobility of DPP derivatives 5-6 was experimentally calculated from the IV
characteristics of electron only device with the configuration ITO/ZnO(30nm)/DPP
/LiF(0.9nm)/Al(100nm). The devices were annealed at 100 ℃ before deposition of LiF and Al.
Electron mobility was calculated using the Mott-Gurney space-charge-limited current (SCLC)
equation [45]. The current-voltage curves of the devices were fitted with the SCLC model and the
mobility was calculated from the intercept of the linear fit of the SCLC region with the
experimentally measured capacitance and thickness of the devices. The electron mobility was
calculated, and the results are shown below in Table 3.2.
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Table 3.2 Electron mobility values for DPP derivatives 5-6.
DPP derivative

Mobility (cm2V-1s-1)

DPP-glass (5)

1.88×10-5± 0.11×10-5

DPP-Et (6)

7.80×10-6± 0.13×10-6

From Table 3.2, it can be observed that while both DPP-glass 5 and DPP-Et 6 show modest
mobilities in the 10-6-10-5 range, unexpectedly, DPP-glass shows a mobility about 2.4 times higher
than its crystalline counterpart DPP-Et, showing relatively more efficient electron transport. This
may be a surprising observation because crystalline materials typically show mobilities orders of
magnitude higher than amorphous materials because of an optimal solid-state packing between
molecules [46, 47]. However, a high number of grain boundaries and defects can drastically reduce
mobility in polycrystalline thin films [48, 49]. In the current case, it is likely that because DPP-Et
yields rougher films with grainy surface topologies, the higher defect density could cause charge
recombination, which is detrimental for electron mobility. This unbalanced charge accumulation
and low mobility leads to poor fill factor and PCE of DPP-Et [50].
3.3.3 Characterization of thin films of P3HT blends with DPP- glasses
3.3.3.1 UV-Visible Absorption Spectra the Blend P3HT/DPP Derivatives 5-6
Normalized UV-Visible spectra of thin films of blends of P3HT with DPP derivatives 5-6
in 1:1 ratios processed by spin-coating from chlorobenzene solution are shown in Figure 3.6. The
blends of both derivatives with P3HT absorb strongly in the UV and visible range from 350 nm to
700 nm showing the homogenous mixing of both components. The blends of P3HT/DPP-glass 5
show two bands at ~440 nm and 560 nm whereas the blend of P3HT/DPP-Et 6 shows two bands
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at 440 at 520 nm. The fact that the P3HT blend with DPP-glass shows a red-shifted band compared
to the blend with DPP-Et suggests a higher degree of π-π stacking throughout the material.

Figure 3.6 Normalized UV- Visible spectra for films of P3HT and blends with DPP derivatives
5-6 deposited by spin-coating from chlorobenzene solution.
3.3.3.2 X-ray diffraction (XRD) analysis for the Blend P3HT/DPP Derivatives 5-6
X-ray diffraction (XRD) analysis were performed in order to understand the packing
behavior and crystallinity of thin films. The films were prepared by spin-coating DPP derivatives
5-6 and their respective blends with P3HT in a 1:1 ratio after annealing at 100 °C for 10 minutes.
The XRD patterns for the pristine films of DPP derivatives 5-6 and their blends with P3HT are
shown in Figure 3.7. As-deposited films were largely amorphous, whereas annealing at 100 °C
caused DPP-Et 6 to crystallize, resulting in primary peaks at 2θ = 6.2 and 10.96°, showing a
polycrystalline arrangement as reported in the literature [32].
For all blends with P3HT, one major diffraction peak corresponding to the [100] plane was
observed 2θ = 5-7°), showing the first-order structure of P3HT with a d spacing of 1.7 nm [51,
52]. Pristine films of P3HT: DPP blends exhibit weak XRD peak intensity as compared to annealed
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samples. The weak intensity observed for pristine films is due to the low-order structure of P3HT.
Thermal annealing at 100 °C causes the side chains of P3HT to pack in a more ordered fashion,
leading to an increase in crystallinity. However, the crystalline peak of DPP-Et in the blend
disappears. This could be due to 1) the formation of DPP-Et crystals that are too small detected by
XRD (<20 nm), 2) incorporation of DPP-Et molecules within the crystalline P3HT domains or 3)
suppression of DPP-Et crystallization by P3HT.

Figure 3.7 XRD for films of DPP derivatives 5-6 and their blends with P3HT deposited by spincoating from chlorobenzene solution: (a) DPP-glass (5) (b) DPP-Et (6) (c) P3HT: DPP-glass and
(d) P3HT: DPP-Et. Films were annealed at 100 °C for 10 minutes.
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3.3.3.3 Photoluminescence Spectra the Blend P3HT/DPP Derivatives 5-6
The electron acceptor behavior of these DPP derivatives was further studied by
photoluminescence (PL) quenching, which is a characteristic behavior of acceptor materials in
photovoltaic applications. For an efficient photovoltaic device, fast transfer of photoinduced
charges from the donor to the acceptor is essential [53]. If the electron is not transferred within a
few femtoseconds in the working device, the photo-generated exciton will decay to ground state,
emitting photoluminescence and resulting in poor device efficiency. PL quenching is thus
attributed to electron transfer from the photo-excited donor to the acceptor, as observed by
Nikitendo et al. in a study of the photoluminescence quenching of MDMO-PPV by fullerene
derivatives [54]. Thus, a high PL quenching of donor-acceptor blends is therefore expected for
high performance devices. The photoluminescence quenching of DPP-rhodanine derivatives 5-6
was studied with a blend of P3HT with DPP-glass 5 as representative compound. The PL spectra
are depicted in Figure 3.8. From Figure 3.8, it is observed that as the concentration of DPP-glass
5 is increased, the PL intensity decreases sharply up to a DPP-glass concentration of 50% weight
ratio, at which point PL intensity continues decreasing at a slower rate as the concentration of
DPP-glass is further increased.
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Figure 3.8 Photoluminescence quenching of P3HT by different concentrations of DPP-glass 5.
3.3.3.4 Atomic Force Microscopy (AFM) for the Blend P3HT/DPP Derivatives 5-6
The surface morphology of the films of DPP derivatives 5-6 and their respective blends
with P3HT was studied by AFM. The surface topographic images for films of DPP derivatives 56 and their 1:1 blends with P3HT after annealing at 100 ℃ for 10 minutes are shown in Figure 3.9.
The pristine DPP-glass film shows a smooth surface with a root mean square (RMS) roughness of
1.1 nm, whereas the DPP-Et film shows a grainy topology with a RMS roughness of 16.1 nm.
While the surface of the film of the P3HT/DPP-glass blend shows a patchwork of crystalline
domains attributable to P3HT, the film is relatively smooth with a RMS roughness of 2.0 nm. In
contrast, the film of the P3HT/DPP-Et blend, while not as rough as the pure DPP-Et film, also
shows a grainy surface with a RMS roughness of 8.9 nm. DPP-glass, because of its amorphous
nature, forms films that are topologically smoother than that of DPP-Et, even in the presence of a
crystalline component (P3HT). As surface topology has been shown to be important for optimal
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cell performance [55, 56]

the fact that DPP-glass forms smoother films is expected to

counterbalance the more regular packing of crystalline DPP-Et.

Figure 3.9 AFM topographic images (10 μm × 10 μm) for films of DPP derivatives 5-6 and their
respective blends with P3HT in 1:1 weight ratio spin-coated from chlorobenzene after annealing
at 100 °C for 10 minutes. (a) DPP-glass (5) (b) P3HT/DPP-glass (c) DPP-Et (6) (d) P3HT/DPPEt.
3.4 Device characterization of P3HT/DPP devices
3.4.1 Current-Voltage (IV) Characteristics
Solution processed organic photovoltaic cells with an inverted structure were fabricated
using P3HT as donor and DPP derivatives (5-6) as acceptors in blend ratios of 1:2, 1:1 and 2:1 by
mass. The blends were deposited by spin-coating from chlorobenzene solution on ITO substrates
coated with 30 nm of ZnO. After annealing at 100 ºC for 10 minutes, the active layers were then
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coated with a layer of 6 nm MoO3 and an 80 nm Ag electrode, to yield devices with structure
ITO/ZnO/P3HT:DPP/MoO3/Ag. Photovoltaic measurements were performed in ambient
conditions using a Xenon source with an irradiance of 100 mWcm-2 calibrated with an AM 1.5
solar simulator. The devices were optimized with different donor/acceptor compositions and
different annealing temperatures. The optimal performance was obtained with devices with a 1:2
P3HT/DPP blend ratio and an annealing temperature of 100 ºC. The power conversion efficiency
(η) of the devices was calculated from the open-circuit voltage (Voc), short-circuit current density
(Jsc) and fill factor (FF) values with the following equation: PCE (η) = J sc×Voc×FF/Pin, where Pin
represents the power of incident light (mWcm-2). The fill factor was calculated from the opencircuit voltage (Voc), short-circuit current Isc, and maximum power (Pmax) values according to the
following equation: FF = Pmax/ Jsc×Voc = Jmax×Vmax/Jsc×Voc , where Jmax and Vmax are the current
density and voltage at maximum power, respectively. The photovoltaic parameters of the inverted
devices fabricated with P3HT and DPP derivatives 5-6 were corrected according to the calibrated
solar simulator and are reported in Table 3.3. The details of the correction are shown in Table 3.4.
The inverted devices fabricated with DPP derivatives 5-6 showed power conversion efficiencies
ranging from 0.34 to 1.59%. From the current-voltage characteristics in the dark shown in Figure
3.10a, it can be observed that the annealed device with DPP-glass 5 in a 1:2 ratio shows the lowest
leakage current in reverse bias with the highest shunt resistance showing the best performance,
whereas the un-annealed 1:2 device with DPP-Et 6 shows the highest leakage current showing
poor performance. The devices with a 1:2 P3HT/DPP ratio show overall the highest performance,
with efficiencies for annealed devices ranging from 1.01 to 1.59%, in comparison to 0.35-0.62%
for 1:1 and 0.34-0.77% for 2:1 (current-voltage curves for 1:1 and 2:1 devices are shown in Figures
3.11). The I-V curves under illumination shown in Figure 3.10 b demonstrate that the devices with
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DPP derivatives 5-6 in 1:2 ratio show that annealing improved open-circuit voltage and efficiency
by 15 to 30%, while open-circuit voltage and fill factor were largely unaffected. The inverted
device with amorphous DPP-glass showed the highest efficiency (1.57%), with a short-circuit
current of 2.99 mAcm-2, an open-circuit voltage of 0.81 V and a fill factor of 0.62. In contrast, the
device with crystalline DPP-Et shows an efficiency 1.01% with a short-circuit current of 2.04
mAcm-2, an open-circuit voltage of 0.77 V and a fill factor of 0.63.
Regular devices with structure ITO/PEDOT: PSS/P3HT: DPP/BCP/Al were fabricated
with the optimal 1:2 blend ratio, and the current-voltage curves in both the absence and presence
of light are displayed in Figure 3.12. Again, the curve in the dark shown in Figure 3.12a shows
that the device with DPP-glass shows lower leakage current as compared with the device with
DPP-Et, showing superior film forming characteristics and higher PV performance. The
photovoltaic parameters were calculated from the data extracted from the curves under
illumination and corrected according to calibrated data from a solar simulator, and are listed in
Table 3.5. The details for calibration shown in Table 3.6. The power conversion efficiencies
obtained with this cell structure (1.12-2.54%) were significantly higher than those obtained with
the inverted devices. Again, the annealed device with DPP-glass showed the highest efficiency
(2.54%), while the similar device using DPP-Et showed an efficiency of 1.60%.
In the current case, it is clear that amorphous DPP-glass yields PV cells that show
efficiencies approximately 50% higher than its crystalline counterpart, DPP-Et. While the opencircuit voltage and fill factor of the devices are roughly similar independently of the DPP derivative
used, the short-circuit current is 20 to 40% higher with DPP-glass. The higher efficiency of DPPglass is likely to be attributed to the smoother surface morphology of the film, resulting in
increased electron mobility and reduced series resistance.
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Figure 3.10 Current-voltage characteristics of ITO/ZnO/P3HT:DPP/MoO3/Ag devices with a 1:2
P3HT/DPP ratio (a) in the dark, and (b) under illumination with an irradiance of 100 mW cm-2.

Figure 3.11 Current-voltage characteristics of ITO/ZnO/P3HT:DPP/MoO3/Ag devices with a 2:1
and 1:1 P3HT/DPP ratio annealed for 10 minutes at 100 °C (a) in the dark, and (b) under
illumination with an irradiance of 100 mW cm-2.
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Table 3.3 Photovoltaic parameters of ITO/ZnO/P3HT:DPP /MoO3/Ag devices with DPP
derivatives 5-6 under illumination with an intensity of 100 mWcm-2.
DPP

DPP-

P3HT:DPP

Thermal

Jsc(mAcm-

Ratio

Annealing

2)

1:2

no

1:2

Voc (V)

FF

PCE (%)

2.24

0.81

0.67

1.23±0.03

100 oC

2.99

0.81

0.62

1.57±0.04

1:2

no

1.79

0.75

0.62

0.84±0.02

1:2

100 oC

2.04

0.77

0.63

1.01±0.01

2:1

100 oC

1.62

0.73

0.64

0.77±0.03

2:1

100 oC

0.74

0.75

0.63

0.34±0.10

1:1

100 oC

2.12

0.75

0.38

0.62±0.01

1:1

100 oC

1.09

0.73

0.44

0.35±0.13

glass
DPPglass
DPPEt
DPPEt
DPPglass
DPPEt
DPPglass
DPPEt
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Figure 3.12 Current-voltage characteristics of ITO/PEDOT:PSS/P3HT:DPP(1:2)/BCP/Al devices
(a) in the dark, and (b) under illumination with an intensity of 100 mW cm-2.
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Table 3.4 Un-calibrated & calibrated current density (Jsc), open-circuit voltage (Voc), fill factor
(FF) and power conversion efficiency (PCE, average± standard deviation) for inverted devices.
Inverted

Blend ratio Thermal

Device

with P3HT

Annealing

DPP-

1:2

no

glass
DPP-glas

DPP-Et

DPP-Et

DPP-

1:2

1:2

1:2

2:1

100 ℃

no

100 ℃

100 ℃

glass
DPP-Et

DPP-Et

DPPglass

1:1

2:1

1:1

100 ℃

100 ℃

100 ℃

Calibration

Jsc

Voc (V)

FF

PCE (%)

(mAcm-2)
Uncalibrated

2.03

0.80

0.64

Calibrated

2.24

0.81

0.67

Uncalibrated

2.71

0.80

0.62

Calibrated

2.99

0.81

0.65

Uncalibrated

1.62

0.74

0.59

Calibrated

1.79

0.75

0.62

Uncalibrated

1.85

0.76

0.60

Calibrated

2.04

0.77

0.63

Uncalibrated

1.47

0.72

0.61

Calibrated

1.62

0.73

0.64

Uncalibrated

0.67

0.74

0.60

Calibrated

0.74

0.75

0.63

Uncalibrated

0.99

0.720

0.42

Calibrated

1.09

0.73

0.44

Uncalibrated

1.92

0.74

0.37

Calibrated

2.12

0.75

0.38
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1.23±0.03

1.57±0.04

0.85±0.02

1.01±0.01

0.77±0.03

0.34±0.10

0.35±0.13

0.62±0.01

Table 3.5 Photovoltaic parameters of ITO/PEDOT: PSS/P3HT: DPP (1:2)/BCP/Al devices with
DPP derivatives 1-2 under illumination with intensity of 100 mWcm-2.
DPP

P3HT:DPP

Thermal

Jsc

Ratio

Annealing

(mAcm-

Voc (V)

FF

PCE (%)

2)

DPP-

1:2

no

4.13

0.83

0.66

2.26±0.05

1:2

100 oC

4.58

0.83

0.67

2.54±0.01

DPP-Et

1:2

no

2.86

0.84

0.47

1.12±0.03

DPP-Et

1:2

100 oC

3.60

0.84

0.53

1.60±0.02

glass
DPPglass
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Table 3.6 Un calibrated & Calibrated Current density (Jsc), open-circuit voltage (Voc), fill
factor(FF) and power conversion efficiency (PCE, average± standard deviation) for regular
devices.
Regular

Blend ratio Thermal

Device

with P3HT

DPP-

1:2

no

DPP-Et

DPP-Et

1:2

1:2

1:2

100 ℃

no

100 ℃

Jsc

Voc (V)

FF

PCE (%)

(mAcm-2)

Annealing

glass

DPP-glas

Calibration

Uncalibrated

3.76

0.82

0.63

Calibrated

4.13

0.83

0.66

Uncalibrated

4.17

0.83

0.64

Calibrated

4.58

0.83

0.67

Uncalibrated

2.60

0.83

0.45

Calibrated

2.86

0.84

0.47

Uncalibrated

3.28

0.83

0.51

Calibrated

3.60

0.84

0.53

2.26±0.03

2.54±0.04

1.12±0.02

1.60±0.01

3.4.2 Incident Photon to Current Conversion Efficiency (IPCE)
Furthermore, the IPCE spectra of the regular device with P3HT/ DPP derivatives (1:2) were
measured and displayed in Figure 3.13. It is observed that IPCE spectra for the P3HT: DPP-Et
device covers from 300-670 nm. The device with DPP-glass shows similar trend however, it shows
an additional photocurrent in the range 660-700 nm, indicating DPP-glass also absorbs the
additional incident light and contribute to the photocurrent generation. The IPCE spectra with
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DPP-glass increases up to 50% whereas DPP-Et up to 35% suggesting DPP-glass also promotes
the charge generation from the excitons in P3HT.

Figure 3.13 IPCE of ITO/PEDOT: PSS/P3HT: DPP (1:2)/BCP/Al devices.
3.5 Conclusion
In conclusion, amorphous and crystalline diketopyrrolpyrrole (DPP) based small molecules
were synthesized and tested as acceptor materials in bulk heterojunction photovoltaic cells with
P3HT as donor. The devices were fabricated using different P3HT/DPP blend compositions and
different device structures, and power conversion efficiencies ranging from 0.34 to 2.54% were
obtained. The device with amorphous DPP-glass consistently showed higher efficiencies than its
crystalline counterpart, with a maximum efficiency of 2.54%, which is close to the highest value
reported for a DPP-based small-molecule acceptor with P3HT as donor (3%). In contrast, the
highest efficiency measured using crystalline DPP-Et is 1.60%. The higher efficiency of
amorphous DPP-glass is attributed to a smoother surface morphology and a lower defect density,
resulting in higher electron mobility across the interface and reduced series resistance. These
results clearly show that glass-forming small-molecule acceptors are appealing because they can
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be easily processed from solution to form thin films with a very consistent morphology with low
roughness and few defects, which allows for high-performance devices with minimal screening of
processing conditions. This approach has shown promise for the development of small-molecule
materials for organic photovoltaics and will be studied further in future work.
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Chapter 4
Glass Forming Squarylium Cyanine as Promising Electron Donor in Organic
PV Cells
4.1 Introduction
Organic photovoltaics constitute a promising alternative energy technology that can
address future energy issues in an environmentally friendly way [1]. Organic photovoltaic (PV)
cells utilize organic semiconducting small molecules or polymers that can directly convert sunlight
into electricity [2-5]. Organic photovoltaic (OPV) cells possess several potential advantages over
conventional inorganic PV cells such as easy processability, device flexibility and cost
effectiveness. In particular, solution- processed OPV cells are promising for future low-cost power
production using simple and flexible devices that can be processed on a large scale using
techniques such as roll-to-roll or inkjet printing [6]. Solution-processed OPV cells have been
demonstrated to be capable of reaching power conversion efficiencies above 10% based on a
nanocomposite between a donor and an acceptor material called bulk heterojunction [7].
The role of bulk heterojunctions in OPV cells is to promote exciton dissociation at the
interface between electron donor and acceptor domains, followed by efficient charge separation
and transport to the electrodes by charge diffusion in the interpenetrating donor and acceptor
networks [8, 9]. To achieve this, it is crucial for the donor and acceptor domains to be properly
segregated in small domains [10]. Solid-state morphology is one of the critical factors determining
the performance of OPV cells [11]. A bi-continuous interpenetrating network morphology with a
characteristics length scale equivalent to exciton diffusion length (~10 nm) is required to increase
the donor/acceptor interfacial area that leads to reduced unfavorable recombination [12, 13]. The
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active layer morphology strongly depends on the various parameters of materials such as
crystallinity, miscibility, interaction parameter and solubility in processing solvents. The D/A
blend ratio, processing conditions and post-processing treatments also play an important role for
influencing blend morphology [14].
Low band gap polymers are the most commonly used donors in OPV cells, and possess
several properties that make them appealing to use in OPV cells, including high absorption, high
hole mobility, and adequately tuned HOMO and LUMO levels [1, 15]. However, polymers possess
certain disadvantages, including a high synthesis cost, difficult purification methods, and batchto-batch variations in molar mass. Small-molecule materials are an appealing alternative to
polymers, because of their easy synthesis and purification, well-defined structure, monodispersity,
and tunability of optoelectronic properties [16, 17] [8, 18, 19]. However, not every small-molecule
material used in organic photovoltaics can be deposited from solution. Most acceptor materials are
small molecules, mainly fullerene derivatives, [20] and can be readily processed from solution. On
the other hand, several small-molecule donors show limited solubility, and as a result, deposition
must be achieved by vacuum thermal deposition, which requires a high temperature and is not
compatible with flexible PV cells [7, 21, 22]. However, recent advances in solution-processed
small-molecule donors has resulted in PV cells with impressive power conversion efficiencies
(PCEs) up to 8% [7].
Independently of whether the donor is a polymer or a small molecule, the morphology of
the active layer must still be thoroughly controlled to yield phase-segregated donor and acceptor
domains of an appropriate size. However, the intermolecular forces between conjugated moieties
can result in the nucleation of molecular crystals in solution, resulting in incomplete film coverage
with high surface roughness [23]. Furthermore, small molecules tend to crystallize rapidly during
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solvent and thermal annealing to yield films of poor quality with polycrystalline small domains
separated by grain boundaries, which act as electron traps and limit the long-range transport of
electrons.
Previously, our group showed that amorphous materials could be successfully used as
acceptor materials in organic PV cells by using both glass-forming perylenediimide (PDI) [24] and
diketopyrrolopyrrole (DPP)[25] derivatives as acceptors with benchmark donor polymer P3HT in
solution-processed organic PV cells. Furthermore, the PV cell performance of the glass-forming
DPP derivative was compared with the performance of an analogous crystalline derivative and was
found to yield PCE values 20% to 50% higher depending on the conditions, up to a maximal PCE
of 2.50%. These glass-forming acceptors were conveniently synthesized by reacting the
corresponding precursors with mexylaminotriazine derivatives bearing reactive functional groups.
These mexylaminotraizine building blocks show outstanding glass-forming ability and high
kinetic stability towards crystallization, and their glass transition temperatures (Tg) can be tuned
by modifying their molecular structures [26-28]. The materials functionalized with glass-forming
mexylaminotriazine derivatives can remain indefinitely in the amorphous state at working
temperatures, which preserves their optical and electronic properties [29, 30].
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Although a completely amorphous and homogeneously blended active layer is believed to
lead to a vastly decreased performance compared to a bulk heterojunction with properly segregated
donor and acceptor domains, it would nonetheless mitigate the impact of molecular structure and
processing conditions on film morphology. Furthermore, such an approach would avoid most
pitfalls associated with bulk heterojunctions, including uneven crystalline domain distribution,
domains of inappropriate size, grain boundaries, and mismatched domains [31, 32].
In this report, a glass-forming donor material based on a squarylium cyanine moiety (SQglass) was synthesized and characterized, and incorporated in PV cells with both previously
described glass-forming acceptor DPP-glass and benchmark PC61BM. While fully amorphous and
homogeneously blended active layers could be obtained with both DPP-glass and PCBM, bulk
heterojunctions with crystalline PCBM domains could also be obtained depending on the
processing conditions, thereby allowing to compare both active layer morphologies. Maximal
efficiencies of 0.42% were obtained with DPP-glass, and 0.52% with PCBM. Interestingly, phase
segregation in PV cells with PCBM only increased efficiency by 18%. The results reported herein
show that charge transport is possible in the amorphous state, and a homogeneously blended active
layer can show performances comparable to that of phase-segregated bulk heterojunctions.
4.2 Experimental Section
4.2.1 Materials
2,4-dichloro-6-(N-methylphenylamino)-1,3,5-triazine,[33]1-(2-hydroxyethyl)-2,3,3trimethylindolenine bromide[34] and DPP-glass were synthesized according to literature
procedures [25] [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as electron acceptor was
purchased from Rieke Metals. Molybdenum oxide used as hole transport layer was purchased from
Alfa Aesar. Zinc Oxide (ZnO) as electron transporting material was synthesized by the sol-gel
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method reported in the literature [35]. Indium tin oxide (ITO) glasses used as substrates were
purchased from Luminescence Technology Corporation, with ITO film thickness 135±15 nm, and
sheet resistance 15 Ωsq-1. All other solvents and reagents used herein were purchased from
commercial sources and used as received without further purification.
4.2.2 Instrumentation
Glass transition temperatures were determined with a TA Instruments 2010 Differential
Scanning Calorimeter calibrated with indium at a heating rate of 5 °C/min from 30 to 250 °C.
Values were reported as the half-height of the heat capacity change averaged over two heating
runs. FTIR spectra were acquired with thin films cast from CH2Cl2 on KBr windows using a
Perkin-Elmer Spectrum 65 spectrometer. NMR spectra were acquired on either a 400 MHz Bruker
AV400 or on a 300 MHz Varian Oxford spectrometer. UV-Visible absorption spectra were
acquired using a Hewlett-Packard 8453 spectrometer or an Olid® HP8452 Diode Array
Spectrometer. Luminescence was measured with a USB2000-Ocean Optics spectrometer. XRD
data were obtained using an Xpert Pro Philips powder X-ray diffractometer with a cobalt x-ray
tube (ʎ=1.78 Å), an iron filter, a graphite crystal monochromator, a proportional counter detector,
a 0.50 divergence slit and a 0.25 mm receiving slit. Current density-voltage (J-V) measurements
were carried out using a Keithley 4200-SCS in the dark and under illumination.
4.2.3 Synthesis
4.2.3.1 Synthesis of 2-chloro-4-(N-methylphenylamino)-6-pyrrolininyl-1,3,5-triazine 1
To a solution of 2,4-dichloro-6-(N-methylphenylamino)-1,3,5-triazine (13.3 g, 51.9 mmol)
in acetone (50 mL) in a round-bottomed flask equipped with a magnetic stirrer was added K2CO3
(7.18 g, 51.9 mmol), then the mixture was cooled down to 0 °C and a solution of pyrrolidine (4.34
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mL, 3.69 g, 51.9 mmol) in acetone (100 mL) was added dropwise. The mixture was stirred 2h
while warming up to ambient temperature, at which point Et2O and H2O were added. Both layers
were separated, then the organic layer was washed with H2O and brine, dried over Na2SO4, filtered,
and the volatiles were removed under vacuum. The crude product was triturated in hot hexanes,
then collected by filtration to yield, after drying, 8.20 g pure compound 1 (28.3 mmol, 54%). Tm
108 °C; FT-IR (KBr/CH2Cl2) 3059, 3037, 2970, 2954, 2925, 2875, 1601, 1578, 1558, 1487, 1458
1448, 1399, 1344, 1314, 1293, 1281, 1259, 1238, 1180, 1166, 1153, 1094, 1073, 1025, 970, 939,
911, 861, 816, 799, 784, 765, 696, 642, 614 cm-1; 1H NMR (400 MHz, DMSO-d6, 363 K) δ 7.40
(t, 3J = 7.8 Hz, 2H), 7.33 (d, 3J = 7.8 Hz, 2H), 7.26 (t, 3J = 7.8 Hz, 1H), 3.44 (m, 7H), 1.88 (t, 3J =
6.3 Hz, 4H) ppm; 13C NMR (75 MHz, DMSO-d6) δ 168.4, 164.7, 162.6, 143.9, 129.1, 127.0, 126.6,
46.6, 46.5, 38.3, 38.2, 25.1, 24.9 ppm; HRMS (ESI, MNa+) calcd. for C14H16ClNaN5 m/e:
312.0986, found: 312.0987.
4.2.3.2 Synthesis of 2-(N-methylphenylamino)-4-piperazinyl-6-pyrrolidinyl-1,3,5-triazine 2
2-Chloro-4-(N-methylphenylamino)-6-pyrrolininyl-1,3,5-triazine (10.0 g, 34.5 mmol) and
piperazine (29.7 g, 34.5 mmol) were dissolved in THF (100 mL) in a round-bottomed flask
equipped with a magnetic stirrer and a water-jacketed condenser, then the mixture was refluxed
18 h. After cooling down to ambient temperature, the volatiles were concentrated under vacuum,
then CH2Cl2 and 1M aq. NaOH were added, and both layers were separated. The organic layer was
recovered and extracted with 1M aq. HCl. The aqueous layer was recovered, neutralized with
NaOH pellets to pH >12, and extracted with CH2Cl2. The organic layer was dried over Na2SO4,
filtered, and the solvent was removed under vacuum to yield, after thorough drying, 9.84 g
compound 2 (29.0 mmol, 84%). Tg 56 °C; FT-IR (KBr/CH2Cl2) 3402, 3057, 3037, 2960, 2926,
2868, 1601, 1541, 1491, 1477, 1457, 1445, 1390, 1343, 1313, 1281, 1245, 1222, 1207, 1157, 1100,
112

1027, 1005, 965, 911, 861, 807, 786, 765, 735, 696, 625 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.34
(m, 4H), 7.12 (t, 3J = 7.0 Hz, 1H), 3.68 (t, 3J = 4.7 Hz, 4H), 3.49 (m, 7H), 2.84 (t, 3J = 4.7 Hz, 4H),
1.86 (m, 4H), 1.70 (br s, 1H) ppm; 13C NMR (75 MHz, CDCl3) δ 165.1, 164.8, 163.6, 145.2, 128.4,
126.5, 125.0, 45.9, 43.9, 41.6, 37.3, 25.1 ppm; HRMS (ESI, MH+) calcd. for C18H26N7 m/e:
340.2244, found: 340.2248.
4.2.3.3 Synthesis of Squarylium cyanine 3
1-(2-hydroxyethyl)-2,3,3-trimethylindolenine bromide (2.61 g, 9.20 mmol), squaric acid
(5.00 g, 4.38 mmol) and quinoline (1.09 mL, 1.19 g, 9.20 mmol) were dissolved in toluene/1butanol 1:1 (125 mL) in a round-bottomed flask equipped with a magnetic stirrer, a Dean-Stark
trap and a water-jacketed condenser, then the mixture was refluxed 18 h. After cooling down to
ambient temperature, the volatiles were evaporated under vacuum, then Et2O was added, and the
resulting precipitate was decanted. The residue was redissolved in minimal CH2Cl2, poured into
Et2O, then the precipitate was collected by filtration and washed with H2O and Et2O until the
effluent was colorless to yield, after drying, 2.05 g compound 3 (4.23 mmol, 97%). Tm >300 °C;
FT-IR (KBr/CH2Cl2) 3346, 3054, 2961, 2924, 2870, 1572, 1494, 1455, 1431, 1354, 1279, 1241,
1171, 1099, 1055, 1020, 969, 930, 835, 814, 782, 753, 696, 682 cm-1; 1H NMR (400 MHz, CDCl3)
δ 7.49 (d, 3J = 7.3 Hz, 2H), 7.31 (m, 4H), 7.14 (t, 3J = 7.3 Hz, 2H), 5.89 (s, 2H), 4.33 (br s, 2H),
4.16 (t, 3J = 5.4 Hz, 4H), 3.77 (t, 3J = 5.4 Hz, 4H), 1.69 (s, 12H) ppm; 13C NMR (100 MHz, CDCl3)
δ 180.7, 177.8, 169.7, 142.7, 141.3, 129.2, 129.0, 127.6, 123.4, 121.9, 110.6, 86.3, 57.7, 48.6, 45.9,
26.4 ppm; UV-Vis (DMF): λmax (ε) 641 nm (143000); HRMS (ESI, MNa+) calcd. for
C30H32NaN2O4 m/e: 507.2254, found: 507.2258.
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4.2.3.4 Synthesis of SQ-glass 4
To a solution of N,N’-carbonyldiimidazole (1.25 g, 7.68 mmol) in dry DMF (25 mL) in a
dry flask equipped with a magnetic stirrer was added squarylium cyanine 3 (1.24 g, 2.56 mmol) in
small portions at ambient temperature under nitrogen atmosphere. Once the addition was complete,
the mixture was stirred 18 h at ambient temperature under nitrogen. The mixture was poured in
H2O, and the resulting precipitate was collected by filtration and washed with H2O and Et2O until
the effluent was colorless. The residue was suspended in THF (30 mL) in a round-bottomed flask
equipped with a magnetic stirrer and a water-jacketed condenser, glass 2 (1.91 g, 5.63 mmol) was
added, and the mixture was refluxed 18 h. The volatiles were removed under reduced pressure,
then CH2Cl2 and 1M aq. AcOH were added. Both layers were separated, the organic layer was
recovered, washed with H2O and aq. NaHCO3, dried over Na2SO4, filtered, and the volatiles were
removed under vacuum to yield, after thorough drying, 2.35 g SQ-glass 4 (1.93 mmol, 75%). Tg
94 °C; FT-IR (KBr/CH2Cl2) 3053, 2962, 2927, 2867, 1703, 1599, 1541, 1491, 1457, 1390, 1344,
1283, 1233, 1185, 1099, 1066, 1020, 997, 969, 916, 835, 807, 781, 756, 736, 697, 684 cm-1; 1H
NMR (400 MHz, DMSO-d6, 363 K) δ 7.32 (m, 12H), 7.13 (m, 4H), 7.05 (d, 3J = 8.0 Hz, 2H), 6.02
(s, 2H), 4.51 (t, 3J = 4.9 Hz, 4H), 4.33 (br s, 4H), 3.63 (m, 4H), 3.46 (m, 22H), 3.19 (m, 4H), 1.83
(m, 8H), 1.79 (s, 12H) ppm; 13C NMR (100 MHz, DMSO-d6) δ 181.9, 180.0, 170.3, 165.2, 164.8,
163.6, 154.5, 145.0, 142.4, 141.7, 128.8, 128.0, 127.9, 127.6, 126.2, 125.3, 124.4, 123.8, 122.1,
109.4, 86.8, 60.9, 49.3, 45.6, 43.4, 42.5, 37.0, 30.2, 27.0, 25.1 ppm; UV-Vis (CH2Cl2): λmax (ε)
639 nm (156000); HRMS (MALDI, MH+) calcd. for C68H79N16O6 m/e: 1215.6363, found:
1215.6345.
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4.2.4 Device Fabrication
The devices were fabricated according to previously published procedures [24, 36, 37].
Pre-patterned Indium tin oxide glass (ITO) substrates were cleaned consecutively in an ultrasonic
bath with soapy water, distilled water, isopropyl alcohol and acetone for 15 minutes each and
finally dried with air. The dried substrates were heated at approximately 100 °C for 30 minutes to
improve the surface adhesion and wettability of the ITO-glass [38]. The dried substrates were
further cleaned with a plasma cleaner for 15 minutes. ZnO precursor gel was spin-coated at a rate
of 3000 rpm under ambient conditions. The glass substrates coated with ZnO were heated on a hot
plate at 200 °C for 1 h. The thickness of ZnO was measured to be approximately 25-30 nm with a
Sloan Dektak II profilometer. Blend solutions of SQ-glass with DPP-glass or PC61BM were
prepared separately in different solvents (chlorobenzene, chloroform & toluene) in different
weight ratios (1:1, 2:1 &1:2) and stirred for 24 h at room temperature. The blend solutions were
filtered through a 0.45 μm poly(tetrafluoroethylene) (PTFE) filter. The active layer was spincoated at 1500 rpm and annealed temperatures ranging from 80 to 150 °C for 10, 30 or 60 minutes.
The thicknesses of the active layers were measured to range from 85-95 nm. The contacts with the
electrodes were cleaned with a cotton stick soaked with chloroform. Finally, 5 nm of MoO3 and
100 nm of Ag were deposited with deposition rates of 0.2 Å/s and 1.0 Å /s, respectively, on all the
devices using a physical vapour deposition system (PVD) under high vacuum at a pressure of
7.6×10-6 mBar. The active area of the devices was 0.06 cm2. The device structure and energy
alignment is shown in Figure 4.1.
The photovoltaic parameters of the inverted cells were measured under ambient conditions
using a Xenon light with an intensity of 100 mWcm-2 calibrated with an AM 1.5 solar simulator,
and conversion efficiencies are reported as averages for a minimum of 6 devices.
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Figure 4.1 a) Device structure, and b) energy level alignment of photovoltaic cells incorporating
SQ-glass with either DPP-glass or PCBM.
4.3 Results and Discussion
4.3.1 Synthesis
While several small-molecule donors reported in the literature possess structures
reminiscent of small thiophene oligomers,[39] squaraines were instead selected for the current
study because of their high absorption in the visible range and high stability towards oxygen, light
and moisture [18]. While squaraines typically yield lower conversion efficiencies than
oligothiophene donors, their synthesis is typically more cost-efficient and require fewer synthetic
steps. While the condensation of squaric acid with tertiary anilines typically give very low yields
(<20%), squarylium cyanine derivatives can be readily accessed by the condensation of squaric
acid with 2,3,3-trimethylindolenine or 2-methylbenzothiazole derivatives in significantly higher
yields [40].
It has been previously shown that mexylaminotriazine derivatives with reactive functional
groups can be used to bond covalently to chromophores to yield adducts that share the glassforming ability of the mexylaminotriazine moiety. However, the presence of multiple

116

mexylaminotriazine units results in a loss of solubility in most solvents because of their high
polarity and extensive hydrogen bonding [41]. For this reason, triazine derivative 2, which
contains a reactive secondary amino group and no hydrogen bond donors, was synthesized from
cyanuric chloride and the corresponding secondary amines (Scheme 1). It has been shown that for
triazine derivatives with N-methylated amino groups, the mexyl group was not required for glass
formation, as unsubstituted phenyl groups yielded comparable glass-forming ability [42, 43]. The
reactive amino group can be further functionalized in amidation or carbamoylation reactions [44].
Scheme 1. Synthesis of glass precursor 2.

Squaric acid was condensed with 1-(2-hydroxyethyl)-2,3,3-trimethylindolenine bromide in
toluene/1-butanol (1:1) to give squarylium cyanine 3 in 97% yield as shown in Scheme 2. The
hydroxy groups of compound 3 could be functionalized with triazine unit 2 through a
carbamoylation reaction with N,N’-carbonyldiimidazole (CDI) following our previously
published procedure to give adduct 4, thereafter referred to as SQ-glass, in 75% yield as shown in
Scheme 2. The product could be conveniently purified by a series of acid-base washings that
completely remove any unreacted starting materials or partially reacted intermediates.
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Scheme 2. Synthesis of squarylium cyanine glass (SQ-glass) 4.
4.3.2 Thermal Properties of SQ-glass
Differential Scanning Calorimetry (DSC) was thus used to confirm the presence of a glass
transition in compounds 2 and 4, as well as the absence of crystallization upon heating, which is
an indication of the kinetic stability of the glassy phase. DSC curves of compounds 2 and 4 are
shown in Figure 4.2. Precursor 2 indeed showed glass formation, with a glass transition
temperature (Tg) of 56 °C and no crystallization was observed upon heating, thereby confirming
that compound 2 is a suitable glass-forming candidate for functionalizing chromophores.
Interestingly, while glass-forming triazine derivatives with N-methylated aryl groups typically
show Tg values that are significantly lower than their non-methylated analogues, compound 2
shows a slightly higher Tg than its primary analogue, which is possibly a consequence of the more
rigid piperazinyl ring. SQ-glass 4 also shares the glass-forming properties of precursor 2, with no
crystallization upon heating and a higher Tg value of 94 °C, which is to be expected for a compound
with two triazine units.
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Figure 4.2 Differential scanning calorimetry (DSC) scans for rhodanine glass 2 and SQ-glass 4,
recorded at a heating rate of 5 °C/min. a) Rhodanine glass 2, b) SQ-glass 4.
4.3.3 Optical Properties of SQ-glass
UV-Visible absorption spectra of SQ-glass 4, both in chlorobenzene solution and as a thin
film, are shown in Figure 4.3a. Both spectra show a single absorption band with a small shoulder,
with maxima at 640 nm in solution and 660 nm as a thin film. Not only is the absorption band redshifted for the thin film, but the band is significantly broader, hinting at significant intermolecular
interactions between squarylium cyanine moieties in the solid state. The emission spectrum for
SQ-glass 4 in chlorobenzene is shown in Figure 4.3b. SQ-glass 4 exhibits an intense fluorescence
with an emission maximum of 659 nm upon excitation at 550 nm. The optical band gap for SQglass was determined to be 2.0 eV by using a Tauc plot as shown in Figure 4.4 [45].
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Figure 4.3 UV-Visible spectra of SQ-glass 4. a) Absorption spectra in chlorobenzene solution and
as a thin film, and b) emission spectrum.

Figure 4.4 Tauc plot for optical band gap determination of SQ-glass 4.
4.3.4 Electrochemical Properties of SQ-glass
Electrochemical studies were carried out by cyclic voltammetry to measure the oxidation
potential of SQ-glass 4, from which it is possible to calculate the HOMO energy level as shown in
Figure 4.5.
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Figure 4.5 Electrochemical scan for SQ-glass 4.
The onset oxidation potential (Eox)on was observed at 0.65 eV relative to Fc/Fc+, which
corresponds to a HOMO level of -5.05 eV by comparison to ferrocene (-4.4 eV). As expected, no
significant reduction peak was observed, showing the very weak reduction behavior of SQ-glass
4. With the measured HOMO level and the optical band gap, the LUMO level was calculated to
be -3.05 eV. The HOMO and LUMO energy levels of SQ-glass 4 are close to that of both
benchmark donor polymer P3HT (-5.0 and -3.1 eV, respectively) [23] and reported values for other
squaraine derivatives [26-28].
4.3.4 Characterization of Thin Films of SQ-glass Blends with DPP-glass or PCBM
4.3.4.1 UV-Visible Absorption of SQ-glass Blends with DPP-glass or PCBM
The absorption spectra for thin films of blends of SQ-glass 4 with both DPP-glass and
PC61BM in 1:1 weight ratios were recorded and displayed in Figure 4.6. For both blends, the
absorption spectra correspond to that of their respective components, though a slight hypsochromic
shift (8 nm) can be seen in the absorption band of SQ-glass in the blend with DPP-glass, whereas
SQ-glass shows a bathochromic shift (3 nm) when blended with PCBM.
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Figure 4.6 UV-Visible absorption spectra of SQ-glass, DPP-glass, PCBM, and 1:1 blends of SQglass 4 with DPP-glass and PCBM.
4.3.4.2 PL Quenching of SQ-glass Blends with DPP-glass or PCBM
Upon intimate mixing of the donor and acceptor phases, the photoluminescence of the
blend is quenched by photoinduced electron transfer. For a large-scale phase separation in the
blend, the exciton diffusion length in the active layer should be beyond 10-20 nm. If the electrons
are not transferred rapidly (a few femtoseconds) within the working PV cells, the photo-generated
excitons will decay to the ground state, thereby emitting photoluminescence. This is an undesirable
process that results in a loss in efficiency. The electron transfer at the interface between SQ-glass
4 and both DPP-glass and PCBM was observed by photoluminescence (PL) quenching, which
provides evidence of electron transfer from the photo-excited donor to the acceptor [46].
Photoluminescence (PL) spectra for SQ-glass 4 and its respective blends are shown in Figure 4.7.
Whereas pure SQ-glass 4 displays a strong PL band at 670 nm upon excitation at 550 nm, this PL
intensity decreases by roughly 25% in a 1:1 blend with DPP-glass, and 50% in a 1:1 blend with
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PCBM. These results show that both DPP-glass and PCBM favor exciton dissociation in the
blends, with a higher rate of electron transfer with PCBM than with DPP-glass.

Figure 4.7 Photoluminescence spectra of thin films of SQ-glass and 1:1 blends of SQ-glass with
DPP-glass and PCBM.
4.3.4.3 Hole Mobility for SQ-glass
The charge carrier mobility of SQ-glass 4 was determined, because it is correlated with PV
cell performance. A high mobility is crucial for optimal performance, since a low mobility will
enhance charge recombination, thereby leading to reduced photocurrent. To measure the hole
mobility of SQ-glass 4, diodes with the configuration ITO/ZnO/SQ-glass4/MoO3/Ag were
prepared, and their IV characteristics were measured. The hole mobility was calculated using the
Mott-Gurney space-charge-limited current (SCLC) equation from the intercept of the linear fit of
the SCLC region, [47] to yield a value of 1.20x10-8 ± 0.11×10-8 cm2V-1s-1. This value is relatively
low, and may be due to chromophoric dilution of the squarylium cyanine moiety by the presence
of two triazine units.
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4.3.4.4 X-ray Analysis of SQ-glass Blends with DPP-glass or PCBM
The crystallinity and packing behavior of films of pure SQ-glass 4 and blends with DPPglass and PCBM in a 1:1 ratio were further studied by X-ray diffraction. The XRD scans for SQglass 4 and both blends before and after annealing at 100, 130 and 150 °C (for 30 minutes in each
case) are shown in Figure 4.8. In the case of the blend with DPP-glass, decomposition was
observed upon annealing at temperatures higher than 100 °C, only amorphous halos were observed
for both SQ-glass 4 and the SQ-glass/DPP-glass blend, which confirm the amorphous nature of
the films and their resistance to crystallization under the processing conditions.

Figure 4.8 X-ray diffraction patterns for thin films of a) SQ-glass and SQ-glass: DPP-glass 1:1
deposited from chlorobenzene, and b) SQ-glass: PCBM deposited from toluene, before and after
annealing at 100, 130 or 150 ℃ for 30 minutes.
No sharp peaks were observed in the SQ-glass/PCBM blend before annealing and after
annealing at 100 °C. However, two broad peaks at 10° and 20-30° emerged after annealing at 130
and 150 °C, revealing the partial crystallization, and consequently phase segregation, of PCBM.
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4.3.4.5 AFM of SQ-glass Blends with DPP-glass or PCBM
Atomic force microscopy (AFM) was used to study the morphology of nanocomposite thin
films to gain additional insight about film topology and phase separation at the interface. SQglass/DPP-glass blends were deposited from both chloroform and chlorobenzene in a 1:1 weight
ratio and annealed at 80 and 100 °C for 10 minutes, respectively. Representative scans are shown
in Figure 4.9. In all cases, it can be observed that topologically smooth films were obtained with
root mean square (RMS) roughnesses ranging from 0.8 to 1.2 nm.

Figure 4.9 AFM topographic images (10 μm × 10 μm) for SQ-glass:DPP glass 1:1 blend films 1:1
deposited from CHCl3 or chlorobenzene before and after annealing. a) Chloroform before
annealing, b) chloroform after annealing at 80 °C for 10 minutes., c) chlorobenzene before
annealing, d) chlorobenzene after annealing at 100 °C for 10 minutes.
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Figure 4.10 AFM topographic images (10 μm × 10 μm) for SQ-glass:PCBM (1:1) blend films
deposited from CHCl3, chlorobenzene or toluene before and after annealing. a) Chloroform before
annealing, b) chloroform after annealing at 80 °C for 10 minutes, c) chlorobenzene before
annealing, d) chlorobenzene after annealing at 100 °C for 10 minutes, e) toluene after annealing at
130 °C for 30 minutes, f) toluene after annealing at 150 °C for 30 minutes.
Thermal annealing did not cause any increase in surface roughness in either case, thereby
confirming that the films remained amorphous. Small pinholes ranging from 10-20 nm diameter
and 5-10 nm deep littered the surface. These pinholes are likely due to the presence of traces of
water, and have been previously observed during the spin-coating of analogous compounds [43].
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Nonetheless, their small size makes it unlikely that these pinholes will interfere the cell
performance.
SQ-glass/PCBM blend films were prepared similarly in a 1:1 weight ratio from chloroform,
chlorobenzene and toluene. Whereas films deposited from chloroform and chlorobenzene were
annealed at 80 and 100 °C for 10 minutes, respectively, films cast from toluene were annealed at
130 and 150 °C for 30 minutes in each case. At these higher annealing temperatures, crystalline
peaks started appearing by XRD. AFM scans of the films deposited from chloroform and
chlorobenzene in Figure 4.10 a-d) show films with smooth surfaces and no obvious phase
separation, with RMS roughness ranging from 1.3 to 2.2 nm. Although films cast from toluene and
annealed at 130 °C showed crystalline peaks by XRD, their surface topology shows a relatively
smooth surface, with a RMS roughness of 1.0 nm as shown in Figure 4.10. On the other hand,
annealing at 150 °C revealed a grainy film with a RMS roughness of 6.9 nm, and with grains
ranging from 500 to 700 nm in diameter and 10 to 20 nm in height, showing clear phase
segregation.
4.3.4.6 Current-Voltage Characteristics of SQ-glass Blends with DPP-glass or PCBM
Photovoltaic cells with an inverted ITO/ZnO/SQ-glass:acceptor/MoO3/Ag configuration
were fabricated with both DPP-glass and PCBM as acceptors. An inverted configuration was
chosen because of its stability towards air and moisture, allowing to characterize device
performance under ambient conditions [48-50]. Indeed, unlike conventional devices that use low
work function air sensitive metals for the electron-collecting electrode and require encapsulation
techniques to prevent electrode oxidation,[51, 52] the charge-collecting nature of the electrodes is
reversed in these inverted devices, thereby allowing the use of high work function metals (such as
Au/ Ag), and can be operated under air without any additional precautions.
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Devices were fabricated incorporating both active layer components in various weight
ratios (1:1, 1:2, and 2:1), with various solvents used for deposition (chloroform, chlorobenzene
and toluene), and with various annealing temperatures and times. Films processed from chloroform
were annealed at 80 °C for 10 minutes, films cast from chlorobenzene were annealed at 100 °C for
10 minutes, whereas films cast from toluene were annealed at either 100, 130 or 150 °C for 30
minutes. It should be noted that longer annealing times failed to result in any performance
improvements. The current-voltage characteristics for all devices were then measured both in the
dark and under illumination with an intensity of 100 mW cm-2. The photovoltaic parameters
measured for all devices incorporating DPP-glass are listed in Table 4.1. From Table 4.1, it can be
noted that the best performances were obtained with a 1:1 blend ratio, with deposition from either
chloroform or toluene, and after annealing at 80 or 100 °C for 10 or 30 minutes, respectively.
These conditions yielded conversion efficiencies of 0.40-0.41%.

Figure 4.11 Current density as a function of voltage characteristics of ITO/ZnO/SQ-glass:DPPglass(1:1)/MoO3/Ag or ITO/ZnO/SQ-glass:PCBM(1:1)/MoO3/Ag devices deposited from either
chloroform, chlorobenzene or toluene a) in the dark, and b) under illumination with an irradiance
of 100 mWcm-2.
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It should be noted that although the active layers are completely amorphous, thermal
annealing does improve device efficiency by nearly 40%, likely by eliminating residual solvent,
improving both molecular packing, and promoting the formation of non-covalent intermolecular
interactions in the blend, leading to improved contacts between electroactive moieties.
The J-V curves of the best devices with 1:1 blend ratios, both in the dark and under
illumination, are shown in Figure 4.11 & the curves of the devices with 1:2 and 2:1 blend ratios
are shown in Figure 4.12.

Figure 4.12 J vs. V characteristics of ITO/ZnO/SQ-glass: DPP /MoO3/Ag in chloroform and
chlorobenzene (a) in dark (1:2 &2:1) (b) in light of 100 mW cm-2 (1:2 &2:1), (c) in dark w/o and
with annealing (d) in light w/o and with annealing.
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Table 4.1 Photovoltaic parameters of ITO/ZnO/SQ-glass:DPP-glass (1:1)/MoO3/Ag devices
under light with an intensity of 100 mWcm-2.
Solvent

CB

CB

CB

CB

CF

CF

CF

CF

SQ:DPP

Thermal

Ratio

Annealing

1:1

no

1:1

2:1

1:2

1:1

1:1

2:1

1:2

100 ℃

100 ℃

100 ℃

no

80 ℃

80 ℃

80 ℃

Calibration

Jsc

Voc (V)

FF

PCE (%)

(mAcm-2)
Uncalibrated

1.80

0.28

0.39

Calibrated

1.87

0.28

0.39

Uncalibrated

2.45

0.28

0.40

Calibrated

2.54

0.28

0.40

Uncalibrated

0.94

0.22

0.30

Calibrated

0.97

0.22

0.30

Uncalibrated

1.58

0.26

0.39

Calibrated

1.68

0.26

0.39

Uncalibrated

1.73

0.41

0.41

Calibrated

1.79

0.41

0.41

Uncalibrated

2.25

0.42

0.44

Calibrated

2.34

0.42

0.44

Uncalibrated

1.11

0.32

0.39

Calibrated

1.15

0.32

0.39

Uncalibrated

1.36

0.41

0.41

Calibrated

1.41

0.41

0.41

0.18±0.02

0.27±0.01

0.05±0.01

0.16±0.05

0.35±0.03

0.43±0.10

0.12±0.04

0.23±0.01

In all cases, the current density-voltage curves of the devices in the dark show a
rectification effect, indicating the formation of p-n junctions in the active layer, even with both
components homogeneously blended.
The photovoltaic parameters of the devices incorporating PCBM as acceptor are listed in
Table 4.2, and representative J-V curves are shown in Figure 4.13. In the case of PCBM, only a
1:1 blend ratio was used for the active layer. Unlike DPP-glass, devices using PCBM showed
lower efficiency improvements (20% or less) upon thermal annealing at lower temperatures, and
130

chlorobenzene and chloroform yielded the best efficiencies (0.41-0.44%). While these
performances are slightly higher than that of the devices incorporating DPP-glass, they are closely
similar, and although devices with SQ-glass show modest efficiencies, this seems to be a
consequence of the low mobility of SQ-glass itself. However, annealing at higher temperatures
(130 and 150 °C) for 30 minutes, which has been shown to result in the crystallization and phase
segregation of PCBM, resulted in higher conversion efficiencies, reaching a maximal PCE of
0.52%. Another notable consequence of the crystallization of PCBM is a slight increase in the Voc
of the cells from 0.42 V to 0.49 V, which is a consequence of a broadening of the density of states
due to the lower ordering in amorphous films, resulting in a lower Voc.

Figure 4.13 J vs. V characteristics of ITO/ZnO/SQ-glass: PCBM (1:1)/MoO3/Ag in chloroform
and chlorobenzene (a) in dark (b) in light of 100 mW cm-2.
Interestingly, even though proper phase segregation of the donor and acceptor components
resulted in a higher performance, it only resulted in a 18% enhancement over a homogeneously
blended active layer. In contrast, the packing and phase segregation of crystalline active layers can
have a significantly deeper impact on device performance. A possible explanation to rationalize
these observation is because of the glassy nature of the active layer. Since glasses are isotropic and
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homogeneous, they conveniently avoid the defects present in polycrystalline thin films. While
polycrystalline bulk heterojunctions can lead to superior performance under ideal conditions, the
presence of grain boundaries, improperly distributed donor and acceptor domains, or domains too
small or too large, all contribute to losses in efficiency. With glassy homogeneous blends, although
maximal efficiencies may be lower, near-ideal conditions are comparatively easier to attain.
Table 4.2 Photovoltaic parameters of ITO/ZnO/SQ-glass:PCBM (1:1)/MoO3/Ag bulk-hetero
junction devices under illumination with intensity of 100 mWcm-2.
Solvent

SQ:PCBM
Ratio

Thermal
Annealing

Calibration

Jsc
(mAcm-2)

Voc (V)

FF

CF

1:1

no

Uncalibrated

2.28

0.43

0.41

Calibrated

2.37

0.43

0.41

Uncalibrated

2.30

0.43

0.43

Calibrated

2.39

0.43

0.43

Uncalibrated

3.06

0.40

0.30

Calibrated

3.18

0.40

0.30

Uncalibrated

3.30

0.42

0.33

Calibrated

3.32

0.42

0.33

Uncalibrated

1.47

0.42

0.34

Calibrated

1.62

0.42

0.34

Uncalibrated

2.68

0.46

0.38

Calibrated

2.78

0.46

0.38

Uncalibrated

2.96

0.49

0.39

Calibrated

3.04

0.49

0.39

CF

CB

CB

Toluene

Toluene

Toluene

1:1

1:1

1:1

1:1

1:1

1:1

80 ℃

no
100 ℃
100 ℃
130 ℃
150 ℃
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PCE (%)

0.39±0.02

0.42±0.02

0.36±0.04

0.45±0.01

0.30±0.04

0.48±0.02

0.56±0.06

4.4 Conclusion
In summary, we report the first instance of organic photovoltaic cells where the active layer
is an amorphous homogeneous blend composed of two small-molecule materials, including a
squarylium cyanine donor (SQ-glass), and two acceptors: DPP-glass and PC61BM. Depending on
the processing conditions, PCBM can undergo crystallization and phase segregation, allowing to
compare the performances of the devices with and without phase segregation. The devices
incorporating DPP-glass reached efficiencies up to 0.41%, whereas the devices with PCBM
reached maximal efficiencies of 0.44% for homogeneous blends, or 0.52% for phase-segregated
blends. Although phase segregation of the donor and acceptor was found to result in higher
efficiencies, it resulted in a performance enhancement of only 18%, highlighting the fact that while
electron transport is more efficient in phase-segregated bulk heterojunctions than in homogeneous
blends in theory, the presence of defects in the former, and their absence in the latter, results in
more closely similar performances than expected. Although the efficiencies reported herein are
modest because of the low mobility of the donor, the concept presented herein will pave the way
to the development of organic photovoltaic cells with improved glass-forming donor and acceptor
materials.
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Chapter 5
Amorphous Molecular Glasses as Guest Acceptors at the Host
Donor/Acceptor Interface in the Ternary Blend Polymer Solar Cells
5.1 Introduction
In recent years, organic photovoltaic (OPV) cells have attracted much attention as potential
sources of renewable energy over traditional inorganic solar cells due to their simplicity,
flexibility, light weight, cost effectiveness, and role- to- role processability [1-7]. However,
commercialization of organic PV cells is limited due to their low power conversion efficiency and
low stability as compared to silicon solar cells [8-10]. Currently, dominant materials used in
polymer solar cells are poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM). P3HT has several advantages such as low cost, high crystallinity, high hole
mobility, easy for synthesis. Recently, the highest PCE of ~4 % is reported for P3HT: PCBM bulk
heterojunction solar cells [11]. However, P3HT only absorbs photons in the blue and green parts
of the spectrum with wavelength below 650 nm leading to low short-circuit current and low PCE
[12].
Several approaches are applied to enhance the efficiency of organic photovoltaic cells. It
includes the synthesis of low band gap photoactive materials, solvent additive, and solvent vapor
treatment, incorporating metal nanoparticle in the active layer and improving morphology for
better charge transport [2, 13-15]. However, these approaches are great challenges for large scale
production for PV cells. Because of narrow absorption range for organic materials, which limits
to harvest the near-infrared light. Tandem solar cells fabrication by stacking at least two subcells
with different donors or acceptors materials is one of the strategies for enhancing the light
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absorption for OPV cells however, this approach is still more complex for large-scale manufacture
of OPV cells [16, 17]. Therefore, it is necessary to investigate a simpler and effective method to
enhance the efficiency of OPV cells.
Ternary blend OPV cell is an alternative simple approach that can also expand the
absorption spectra by incorporating another organic material as guest sensitizer [18]. Generally,
the ternary blend OPV cells with either two donors and one acceptor or two acceptors and one
donor are believed to work in the same mechanism: energy transfer, charge transfer and parallel –
linkage [17, 19, 20]. In the ternary blend system, two donor materials having different absorption
spectra are mixed with acceptor component (or one donor and two acceptors) in a common solvent.
Different kinds of materials such as nanoparticles, low band gap polymers, and small molecules
are incorporated as a sensitizer which has a complementary absorption spectrum to the polymer
based blend. Among all, the small molecule as a sensitizer in bulk heterojunction have many
advantages such as expanding absorption spectrum, improving crystallinity of polymer and tuning
of the morphology of active layer [18].
There are several ternary blend solar cells reported based on two donors and one acceptor
approach, however, very few ternary blend solar cells were reported with one donor and two
acceptors. Acceptor materials have an equally important role in enhancing the efficiency of solar
cells. Especially, fullerenes and their derivatives are dominant acceptors in most polymer solar
cells. The limited absorption of these acceptors hinders to harvest more sun light in the active layer
and generate photocurrent. Recently, Li et al. have shown an enhancement 20% efficiency by
incorporating vis-near infrared light absorbing non-fullerene acceptor in the P3HT: PCBM blends
in the conventional solar cells [21]. However, they used a crystalline small molecule that could be
easily crystallized and cause a problem for making uniform and homogenous film.
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As an alternative, small-molecule materials can also be used in the amorphous state [22].
While most small molecules tend to crystallize, some compounds possess the ability to remain in
the amorphous state for extended periods of time. Such compounds are called molecular glasses,
or amorphous molecular materials, and they combine the monodisperse nature of small molecules
and all the related advantages (ease of purification and characterization, batch-to-batch
homogeneity) with the capacity to form high-quality amorphous thin films [23],[24].
Previously, our group showed that amorphous materials could be successfully used as
acceptor materials in organic PV cells by using both glass-forming perylenediimide (PDI)[25] and
diketopyrrolopyrrole (DPP)[26] derivatives as acceptors with benchmark donor polymer P3HT in
solution-processed organic PV cells. Furthermore, the PV cell performance of the glass-forming
DPP derivative was compared with the performance of an analogous crystalline derivative and was
found to yield PCE values 20 % to 50 % higher depending on the conditions, up to a maximal PCE
of 2.50%. In addition, we reported successively an enhancement of 39% by interfacial
modification of electron collecting layer of perovskite solar cells using amorphous PDI-glass
derivative [27].
Herein, we report, for the first time, the enhancement of efficiency and stability of solution
processed ternary blend polymer solar cells based poly(3-hexythiophene) (P3HT) and [6,6]phenyl-C61-butyric acid methyl ester (PC61BM) using glass forming perylenediimide and
diketopyrrolopyrrole. We fabricated inverted devices by incorporating various concentration of
PDI-glass (10-25%)/DPP-glass (10-20%) and the achieved an enhancement of 35-38% efficiency
with an optimal concentration of DPP-glass (15% by weight) and PDI–glass (20% by weight). The
improvement in PV performance is likely due to the fact that appropriate allocation of these dyes
molecules at the interface without the formation of dye aggregates. The devices showed quite a
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stability towards moisture/oxygen and dropped only 20% PCE after exposing 40 days in the dark
at ambient condition.
5.2 Experimental
5.2.1 Materials
The patterned Indium tin oxide (ITO) coated glasses used as substrates were purchased
from Luminescence Technology Corporation, with ITO film thickness approximately 135±15 nm
and sheet resistance 15 Ωsq-1. Regioregular poly (3-hexylthiophene) (P3HT) used as an electron
donor and was purchased from Rieke Metals. Molybdenum oxide used as hole transport layer and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as electron transport layer were purchased
from Alfa Aesar. Zinc oxide (ZnO) used as the electron transporting material was synthesized by
the sol-gel method as reported in the literature [28]. Glass-forming perylene-3,4,9,10tetracarboxylic diimide (PDI) derivative with a glass-forming mexylaminotriazine unit and a
rhodanine-subsituted DPP derivative containing a mexylaminotriazine group (DPP-glass) were
synthesized and reported details in the previous literature [25, 26].
5.2.2 Device Fabrication
Devices were fabricated according to a previously published procedure [29]. Pre-patterned
ITO substrates obtained from commercial sources were cleaned consecutively in an ultrasonic bath
with soapy water, distilled water, acetone and isopropyl alcohol for 15 minutes each and finally
dried with air. The substrates were heated on a hot plate at 80-90 °C for 20 minutes to improve the
surface adhesion and wettability of ITO-glass [30]. The dried substrates were further cleaned with
a plasma cleaner for 15 minutes. Zinc oxide (ZnO) precursor gel was spin-coated on cleaned ITO
substrate at a rate of 3000 rpm in the air. The substrates coated with ZnO were baked at 160 °C for
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1 h. The thickness of zinc oxide was approximately 25-30 nm as measured with a Sloan Dektak II
profilometer. Blend solutions of P3HT and PCBM (total concentration 35 mg/mL) were prepared
in dichlorobenzene in 1:0.8 by weight and stirred for 24 h at 50 °C. The different weight percentage
of PDI-glass/DPP-glass was added to P3HT: PCBM blend solution and stirred 2h before spin
coating. The solutions were filtered through a 0.45 μm poly(tetrafluoroethylene) (PTFE) filter
before active layer deposition. The active layer was spin-coated at 700 rpm and annealed at 110
°C for 30 minutes. The thickness of the active layer was measured with a Sloan Dektak II
profilometer to range from 120-130 nm. The top and bottom electrodes of the devices were cleaned
with a cotton stick soaked with chloroform to make contacts. Finally, 5 nm of MoO3 and 100 nm
of Ag were deposited with deposition rates of 0.2 Å/s and 1.0 Å /s, respectively, on all the devices
using a physical vapor deposition system (PVD) under high vacuum at a pressure of 7×10-6 m
torrs. The active area of the device was 6 mm2. The inverted device structure and energy alignment
are shown in Figure 5.1a-b.

Figure 5.1 (a) Device architecture for inverted organic solar cells and (b) Energy level diagram
for the components material used in the device fabrication.
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The molecular structure of active layer components is shown in Figure 5.2. The LUMO
and HOMO level of PDI-glass as measured from cyclic voltammetry[25] are -3.8 eV and -5.4 eV
respectively. Similarly, the LUMO and HOMO levels for DPP-glass as measured from cyclic
voltammetry are -3.9 eV and -5.6 eV respectively. The LUMO levels for both materials are
perfectly matched with LUMO level of P3HT and LUMO level of PCBM that is essential to
smooth electron transfer from LUMO of the donor to LUMO of the acceptor. Furthermore, it is
obvious from the energy level alignment that the excitons created on the PDI-glass/DPP-glass can
undergo electron transfer to PCBM and hole transfer to P3HT. On the basis of energetic and
absorption measurements, both materials can improve the overall efficiency as the third component
in a ternary blend OPV cells.

Figure 5.2 Molecular structures for P3HT, PCBM, Dioctyl PDI-glass and DPP-glass.
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5.3 Results and Discussions
5.3.1 UV-Visible Absorption Spectra for P3HT: PCBM and Ternary Blend
The details of synthetic procedure and characterization of PDI-glass derivatives &DPPglass were reported in the previous literature [25, 26]. UV-Visible absorption spectra for pristine
P3HT: PCBM blend and the ternary blend with various concentration of PDI-glass is shown in
Figure 5.3a. The absorption spectra for the P3HT: PCBM showed the main peak at 440 nm and
two small peaks at 335 nm and 605 nm. The main peak at 440 nm is due to π- π* transition and at
605 nm is a vibroinic shoulder for P3HT. The peak at 335 nm is absorption due to PCBM. As the
weight ratio of PDI-glass in the blend system increases, the absorption intensity in the range from
620-760 nm increases. This is attributed due to wide absorption window of PDI-glass. The
increased absorption intensity can make sure that ternary active layer can harvest more photons
and beneficial for photocurrent generation. Similarly, as the concentration of DPP-glass in the
P3HT: PCBM blend increases, the absorption intensity in the range from 600-700 nm increases as
displayed in Figure 5.3b. This is because of wide absorption of DPP-glass.
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Figure 5.3 UV- Visible spectra for P3HT: PCBM and ternary blend in with various concentrations
of (a) PDI-glass (10-25%) in dichlorobenzene, & (b) DPP-glass (10-20%) in dichlorobenzene.
The UV-vis thin film spectra of the P3HT/PCBM blend, P3HT/PCBM/PDI blend and
pristine PDI-glass are shown in Figure 5.4a. The absorption spectrum for P3HT: PCBM film is a
simply a superposition of P3HT and PCBM films. The peak at 515 nm is due to the main π- π*
transition for P3HT in solid state and two other peaks at 558 nm and 607 nm are two vibronic
absorption shoulders. The peak at 340 nm is a typical absorption for PCBM in the solid state. The
ternary blend film shows the superposition of absorption spectra for three materials showing
uniform and homogenous blend formation. It covers from 350-800 nm in the solid state. The
pristine PDI-glass shows two absorption peaks at 440 nm and 640 nm with coverage from 400800 nm. Similarly, the absorption spectra for ternary blends of DPP-glass as displayed in Figure
5.4b shows the superposition of absorption spectra for three components showing uniform and
homogenous blend formation. Furthermore, the ternary blend films with both materials show an
enhancement in the absorption intensity in the range from 400-750 nm showing they can absorb
more light in the solid state as compared to reference P3HT: PCBM.
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Figure 5.4 UV- Visible spectra for P3HT: PCBM, ternary blend (a) with PDI-glass (20%) & PDIglass (b) with DPP-glass (15%) & DPP-glass films deposited by spin-coating from
dichlorobenzene solution.
5.3.2 X-ray Analysis for P3HT: PCBM and Ternary Blend
X-ray analysis was used to investigate the morphological changes resulted from the
addition of PDI-glass/DPP-glass, as X-ray measurements provide information on the degree of
ordering. The film used for the X-ray measurement were prepared using the same conditions as
those used in device fabrication. X-ray diffraction (XRD) pattern for the control P3HT: PCBM
and ternary blends with PDI-glass and DPP-glass without and with annealing at 110 ℃ for 30
minutes are displayed in Figure 5.5. One major diffraction peak corresponding to the [100] plane
was observed at 2θ = 5-7° for P3HT:PCBM and ternary blend films, showing the first-order
structure of P3HT with a d spacing of 1.7 nm [31, 32]. All un-annealed films exhibit weak X-ray
diffraction peak intensity as compared to annealed samples. The weak intensity observed for unannealed films is due to the low-order structure of P3HT. Thermal annealing at 110 ℃ for 30
minutes causes the side chains of P3HT to pack in a more ordered form, leading to an increase in
crystallinity.
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The introduction of PDI-glass as a ternary component into the P3HT: PCBM blend did not
alter the crystallinity of P3HT in any visible way. However, the introduction of DPP-glass results
in a decrease in the crystallinity of P3HT, both before and after annealing, as evidenced by peaks
of lower intensity.

Figure 5.5 X-ray diffraction spectra for films of P3HT:PCBM and ternary blend films with PDIglass or DPP-glass deposited by spin-coating from dichlorobenzene solution (with or without
annealing at 110 °C for 30 min).
5.3.3 PL Spectra for P3HT: PCBM and Ternary Blend
Photo-induced charges are essential to transfer rapidly from the donor to the acceptor for
high performance of OPV cell [33]. If the electron generated in the working device is not
transferred within a few femtoseconds, the excitons will decay to ground state emitting
photoluminescence and resulting in poor device performance. Photoluminescence quenching thus
constitutes a useful tool to confirm electron transfer from the photo-excited donor to the acceptor
[34]. The photoluminescence quenching for the control P3HT: PCBM and ternary blend films with
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different concentration of PDI-glass are depicted in Figure 5.6. The photoluminescence spectra for
the control P3HT:PCBM blend and its respective ternary blends with PDI-glass in Figure 5.6 show
that while PCBM itself contributes to quench more than half of the photoluminescence of P3HT,
the introduction of various concentrations of PDI-glass (10–25%) results in an additional gradual
decrease of the P3HT photoluminescence, reaching saturation at 25%. DPP-glass showed a similar
behavior, reaching saturation at 15% as shown in Figure 5.7.
The photoluminescence decay of the samples with time was also studied for various
amounts of PDI-glass as shown in Figure 5.6 b. As observed, the blends exhibit quenching of both
PL intensity and emission lifetime comparatively to P3HT: PCBM, which is more pronounced
when increasing the ratio of PDI-glass, reaching a maximum at 15% PDI-glass. These results show
that exciton dissociation and charge transfer are facilitated at the interface between P3HT and
PCBM/PDI-glass. The quenching is dependent on the concentration of PDI-glass and is
predominantly attributed to electron transfer from P3HT to the PCBM/PDI-glass interface. The
curves were fitted to yield the corresponding PL lifetimes for the different blends, which are listed
in Table 5.1. The fluorescence decay rate is in the order P3HT > P3HT: PCBM > P3HT: PCBM:
PDI-glass, and decreases with increasing PDI-glass ratio until reaching a plateau at 15%. This
decrease in PL lifetime and PL intensity with increasing PDI-glass concentration in the blend leads
to a decrease in charge recombination, and a smoother charge transfer, across the donor-acceptor
interface.
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Figure 5.6 (a) Photoluminescence spectra for Pristine P3HT, P3HT: PCBM and P3HT:
PCBM :PDI-glass (10-25%) & (b) time-resolved normalized photoluminescence spectra for
P3HT, P3HT:PCBM and P3HT:PCBM:PDI-glass (10–20%).
Table 5.1 Exciton lifetime (τ) for P3HT, P3HT:PCBM and P3HT:PCBM:PDI-glass (10–20%)
measured from the fitting of time-resolved PL spectra.
Sample

τ (ps)

P3HT

455 ±2

P3HT:PCBM (1:1)

231±3

P3HT:PCBM:10% PDI-glass

210±2

P3HT:PCBM:15% PDI-glass

182±1

P3HT:PCBM:20% PDI-glass

178±1
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Figure 5.7 Photoluminescence spectra for Pristine P3HT, P3HT: PCBM and P3HT: PCBM: DPPglass (10-20%).
5.3.4 AFM for P3HT: PCBM and Ternary Blend
The surface morphology of the films of P3HT: PCBM and P3HT: PCBM: PDI-glass were
investigated by AFM. The surface topographic images for films of the binary blend and ternary
blend with PDI-glass prepared in dichlorobenzene without and with annealing at 110 ℃ for 30
minutes are shown in Figure 5.8a-j. The control P3HT: PCBM film shows a surface littered with
small grains ranging from 100 to 200 nm in diameter and 3–5 nm in height as shown in Figure
5.8a. Annealing at 110 °C for 30 min yielded a similar morphology, but with increased average
surface roughness as shown in Figure 5.8b. The introduction of PDI-glass showed similar
morphologies, but with a gradual increase in both overall surface roughness and in average grain
size, which ranges from 250 to 500 nm in diameter and 10–20 nm in height with 25% PDI-glass
(Figure 5.8i–j). However, whereas annealing of P3HT:PCBM blend films cause an increase in
surface roughness, which is a result of a higher degree of crystallinity [35], the annealing of ternary
blends with PDI-glass shows the negligible impact on surface morphology.

153

Figure 5.8 AFM topographic images (10 μm × 10 μm) for the ternary blend films of PDI-glass in
spin-coated from chlorobenzene. (a) 0% w/o annealing) (b) 0% at 110 °) (c) 10% w/o annealing
(d) 10% at 110 °C, (e) 15% w/o annealing, (f) 15% at 110 °C, (g) 20% w/o annealing (h) 20% at
110 °C, (i) 25% w/o annealing and (j) 25% at 110 °C.
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As surface topography has been shown to be important for optimal cell performance [36],
the fact that the presence of PDI-glass as ternary component did not disturb morphology is
encouraging. However, the higher surface roughness observed with higher PDI-glass ratios (25%)
suggest that raising the ternary component ratio beyond an optimal concentration could be
deleterious to cell performance [37]. Similar observations were made with DPP-glass as a ternary
component as shown in Figure 5.9.

Figure 5.9 AFM topographic images (10 μm × 10 μm) for the ternary blend films of DPP-glass in
spin-coated from chlorobenzene at 110 °C for 30 minutes (a) 10%) (b 15%, & (c) 20%.
5.3.5 Current-Voltage (I-V) Characteristics for P3HT: PCBM & Ternary Blend Devices
Solution processed organic photovoltaic cells with an inverted structure were fabricated
using P3HT as donor and PCBM as acceptors in blend ratios of 1:1 by mass. The ternary blend
was prepared by adding 10-25% of acceptor by mass of PDI-glass. The blends were deposited by
spin-coating from dichlorobenzene solution on ITO substrates coated with 30 nm of ZnO. After
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annealing at 110 ºC for 30 minutes, the active layers were then coated with a layer of 5 nm MoO3
and a 100 nm Ag electrode, to yield devices with structure ITO/ZnO/P3HT:PCBM:PDI /MoO3/Ag.
Photovoltaic measurements were performed in ambient conditions using a Xenon source with an
irradiance of 100 mWcm-2 calibrated with an AM 1.5 solar simulator. The current–voltage
characteristics in the dark and under illumination for devices are shown in Figures 5.10(a-b). The
dark J-V curve in Figure 5.10a shows that all the devices show good diode behavior with lower
leakage current in the reverse bias and high forward dark current showing the high quality film.
The device with an optimal concentration of PDI-glass exhibit the lower leakage current
and higher forward current as compared to others reflecting superior PV performance. The power
conversion efficiency (η) of the devices was calculated from the open-circuit voltage (Voc), shortcircuit current density (Jsc) and fill factor (FF) values with the following equation: PCE (η) =
Jsc×Voc×FF/Pin, where Pin represents the power of incident light (mWcm-2). The fill factor was
calculated from the open-circuit voltage (Voc), short-circuit current Isc, and maximum power (Pmax)
values according to the following equation: FF = Pmax/ Jsc×Voc = Jmax×Vmax/Jsc×Voc , where Jmax
and Vmax are the current density and voltage at maximum power, respectively. The photovoltaic
parameters of the inverted devices fabricated with P3HT: PCBM: PDI were corrected according
to the calibrated solar simulator and are reported in Table 5.2. Control devices fabricated from
P3HT: PCBM blend solutions have a typical PCE of 2.81% with a short-circuit current 8.70
mAcm-2, open-circuit voltage 0.60 V and fill factor 0.54. This value is the close to the reported
value in the literature [38]. Incorporating PDI-glass in quantities 10, 15, 20 and 25 weight
percentage in the P3HT: PCBM film led to significant enhancement in the Jsc and PCE as compared
to control device. A film with 20% by weight of PDI-glass in the ternary blend resulted in the
highest PCE of 3.86% with short-circuit current 11.13 mAcm-2, open-circuit voltage 0.66 V and
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fill factor 0.53. Above 20% of PDI concentration, PCE was decreased to 3.04 which is still higher
than the control device however, PCE was dropped due to low fill factor. This is possibly due to
an increase in series resistance associated with a more uneven surface morphology. The effect of
annealing temperature was investigated by annealing optimal device at 110 ºC for 30 minutes and
compared with the un-annealed device. The J-V curve for the device with un-annealed and
annealed sample is shown in Figure 5.11. The current density was increased by a 26% and
efficiency by 19% after annealing at 110 ºC for 30 minutes. The increase in PV performance after
annealing is due to increase crystallinity/charge mobility resulting in higher short-circuit current
[39]. However, annealing at the longer time did not show any significant improvement.

Figure 5.10 Current-voltage characteristics of ITO/ZnO/P3HT: PCBM: PDI-glass (0-25% by
weight)/MoO3/Ag (a) in the dark, and (b) under illumination with an irradiance of 100 mW cm-2.
Similarly, the current–voltage characteristic of the ternary blend devices with DPP-glass
in the dark and under illumination were studied and are shown in Figures 5.12(a-b). The dark J-V
curve in Figure 5.12a shows that all the devices show good diode behavior with lower leakage
current in the reverse bias showing good quality films.
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Table 5.2 Photovoltaic parameters of ITO/ZnO/P3HT: PCBM: PDI-glass (0-25% /MoO3/Ag
devices under illumination with an intensity of 100 mWcm-2.
%

Thermal

Jsc

PDI annealing (mAcm-

Calibrated Voc Calibrated
Jsc

2)

(mAcm-2)

(V)

Voc (V)

FF

Calibrated PCE (%)
FF

0%

Yes

8.29

8.70

0.58

0.60

0.53

0.54

2.80±0.01

10%

Yes

8.80

9.24

0.59

0.61

0.51

0.52

2.86±0.07

15%

Yes

9.27

9.73

0.63

0.65

0.50

0.51

3.16±0.06

20%

No

8.89

9.33

0.60

0.62

0.49

0.50

2.90±0.07

20%

Yes

10.60

11.13

0.64

0.66

0.52

0.53

3.86±0.03

25%

Yes

10.13

10.63

0.60

0.62

0.46

0.47

3.02±0.06

The device with an optimal concentration of DPP-glass (15%) exhibits relatively lower
leakage current reflecting superior PV performance. The PV parameters for the ternary blend
device with DPP-glass are reported in Table 5.3. The device with an optimal concentration of DPPglass (15%) shows an efficiency 3.80% with current density 11.85, open-circuit voltage 0.62 V
and fill factor 0.52. However, a higher concentration of DPP-glass beyond optimal concentration
(15%) did not show any improvement. Instead, the performance degraded due to increase in series
resistance. It is likely due to the DPP-glass hindering the crystallization of P3HT, as evidenced by
XRD.

158

Figure 5.11 Current-voltage characteristics of ITO/ZnO/P3HT: PCBM: PDI-glass /MoO3/Ag (a)
w/o annealing and annealed at 100 ℃ for 30 minutes (20% PDI).

Figure 5.12 Current-voltage characteristics of ITO/ZnO/P3HT: PCBM: DPP-glass (0-20% by
weight)/MoO3/Ag (a) in the dark, and (b) under illumination with an irradiance of 100 mW cm-2.
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Table 5.3 Photovoltaic parameters of ITO/ZnO/P3HT: PCBM: DPP-glass (0-20% /MoO3/Ag
devices under illumination with an intensity of 100 mWcm-2.
%
Thermal
Jsc
Calibrated Voc Calibrated
DPP annealing (mAcmJsc
(V)
Voc (V)
2)
-2
(mAcm )

FF

Calibrated PCE (%)
FF

0%

Yes

8.29

8.70

0.58

0.60

0.53

0.54

2.80±0.02

10%

Yes

9.33

9.79

0.60

0.62

0.49

0.50

3.00±0.02

15%

Yes

11.29

11.85

0.60

0.62

0.51

0.52

3.80±0.04

20%

Yes

10.70

11.23

0.58

0.60

0.49

0.50

3.31±0.05

5.3.6 IPCE spectra for P3HT: PCBM & Ternary Blend Devices
Furthermore, the IPCE spectra of the devices with an optimal concentration of PDI-glass
(20%) & DPP-glass (15%) were measured and compared with that of a P3HT:PCBM device as
shown in Figure 5.13. It is observed that while the IPCE spectrum for the P3HT:PCBM device
covers a broad range of wavelengths from 300 to 670 nm, both ternary blend devices incorporating
PDI-glass and DPP-glass show an additional photocurrent in the range 660–760 nm, highlighting
the contribution of both PDI-glass and DPP-glass towards light harvesting. Furthermore, the IPCE
value at 540 nm corresponding to the absorption of P3HT also increases from 55% in the binary
device to 62% in the presence of PDI-glass and 61% with DPP-glass, suggesting that both glassforming acceptors promote charge generation from the excitons in P3HT [14, 40].

160

Figure 5.13 IPCE spectra of P3HT:PCBM), P3HT:PCBM:PDI-glass and P3HT:PCBM:DPP-glass
devices.
5.3.7 Stability for P3HT: PCBM & Ternary Blend Devices
To test the stability of the ternary devices, one set of ternary blend devices with PDI-glass
(15%) was exposed to air at ambient temperature in the dark (without any encapsulation). The
device retained a significant portion of its original efficiency after exposure in the air for 40 days,
only losing 25% of its efficiency (from 3.0 to 2.4%), as shown in Figure 5.14. While the devices
are slightly less stable than binary devices with P3HT:PCBM, which lose approximately 20% of
their efficiency under similar conditions [41], these ternary devices are significantly more stable
than several previously reported ternary systems. This shows that the incorporation of glassforming acceptors is beneficial to device stability, despite previous reports in the literature where
the incorporation of a ternary component resulted in a lower device stability[42].
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Figure 5.14 Device stability in ambient condition for the device fabricated at 15% by weight of
PDI-glass.
5.4 Conclusion
In conclusion, we have incorporated various concentration of amorphous perylenediimideglass and diketopyrrolopyrrole-glass in the P3HT: PCBM solar cells and photovoltaic performance
was studied. It was found that these materials in the polymer blend did not aggregate in the blend
film after careful finding the optimal ratio and preferentially locate at the P3HT/PCBM interface.
Hence, these glasses linked to P3HT did not disturb the crystallization of P3HT as investigated
from XRD and AFM. Indeed, they located at the interface enhances the photocurrent generation
by both direct photo-excitation and effective charge separation. The device with an optimal
concentration of PDI glass exhibited 38% enhancement of power conversion efficiency and DPPglass 35% as compared to the reference P3HT: PCBM device. Furthermore, the dyes incorporated
devices showed only 25% degradation after 40 days of storage in the ambient condition in dark.
The device exhibited remarkable moisture and oxygen stable. It will be promising to use the nonaggregating dye to the other low band gap polymer to enhance device performance of any polymer
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solar cells. This architecture opens the door towards significant improvement in the performance
of other polymers solar cells by incorporating vis-near infrared absorbing/non-aggregating dye as
acceptor sensitizer.
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Chapter 6
Perylenediimide-glass as Interfacial layer in Organometallic Halide Cells
6.1 Introduction
Significant progress has been achieved in solution-processed organic and hybrid thin film
photovoltaic cells in the last few years, the driving forces of which is their potential low cost, light
weight, flexibility, and simple fabrication methods [1]. Recently, photovoltaic cells based on
organometallic halides, in particular methyl ammonium lead iodide (CH3NH3PbI3), also known as
perovskite, have received widespread interest in photovoltaic research. The low band gap (1.5 eV)
[2], high charge carrier mobility (8 cm2 V−1 s−1) [3], high absorption coefficient (1.5×104 cm−1), [2]
low exciton binding energy (20 meV) [4] and long diffusion length (1 µm) [2], coupled with and
easy and cost-effective synthetic route, makes perovskite an extremely appealing material for
photovoltaic applications. Perovskite absorbs light strongly in the visible-near infrared region [5]
and also acts as an electron and a hole transport material [6]. Several strategies such as synthesis
of new materials, improvement of film quality by one-step and two-step processes, and interface
control have been developed to improve the performance of perovskite PV cells for potential
application [4]. To date, power conversion efficiencies over 19% have been reported in the
literature [7]. However, most highly efficient perovskite PV cells reported so far use a condensed
titanium dioxide electron transport layer that is processed at quite high temperatures (450 °C for 1
h) [8]. Unfortunately, organometallic halide PV cells with mesoporous titanium oxide processed
at high temperatures may not be compatible with large-scale production on flexible substrates
[2,5]. A TiOx layer processed at low temperatures constitutes a promising alternative for flexible
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PV cells, because it can be processed at low temperatures, and is indefinitely stable, even when
operated under aerobic conditions [9,10]. However, TiOx yields lower efficiencies in comparison
to compact mesoporous titanium dioxide. This lower performance is believed to be due to nonhomogeneity and the presence of surface defects on the TiOx layer that result in low quality of the
photogeneration layer and low charge transport efficiency [11]. It is thus crucial to modify the
surface of the electron-collecting TiOx layer to improve charge collection. Recently, an approach
involving low temperature, solution-processed planar-heterojunction organometallic halide PV
cells have shown promise towards the development of highly efficient and flexible PV cells [2,5].
In planar heterojunctions (PHJ), the perovskite is sandwiched between an electron transport layer
and a hole transport layer without requiring mesoporous titanium oxide. The benefits of this
approach include a simple device fabrication and low temperature processability. This approach
was reported by Kim et al. in 2014 by modifying the surface of zinc oxide in planar heterojunction
perovskite solar cells [4]. They reported a 30% enhancement of the efficiency of the devices after
modification of the ZnO surface by a thin layer of PC61BM. They observed that the incorporation
of a thin layer of PCBM could modify the electronic structure of ZnO and reduce the traps/charge
recombination at the ZnO/perovskite interface. Sahahiduzzaman et. al also studied PCBM as a
modifier for TiOx and the enhancement observed was 37% as published recently [12]. However,
using PCBM as an interfacial layer also resulted in other issues such as low coverage, interfacial
recombination and leakage current [12]. Furthermore, PCBM offers the limited potential to
modulate the energy level by functionalization through synthesis, and is several orders of
magnitude more expensive than perovskite.
Mexylaminotriazines are a class of glass-forming materials that usually show outstanding
glass-forming ability with high kinetic stability towards crystallization. The glass transition
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temperatures (Tg) can be modulated by tuning their molecular structures [13]. Glassy
mexylaminotriazine derivatives can contain functional groups that can be covalently bonded to
chromophores, thereby resulting in adducts that can remain indefinitely in the amorphous state and
can preserve the optical and electronic properties of the chromophores. This method was already
implemented with a series of azobenzene dyes where glass-forming adducts were generated using
a simple, efficient and high-yielding procedure [14], and with a series of 3,4,9,10perylenetetracarboxylicdiimide (PDI) derivatives that could be incorporated into bulk
heterojunction PV cells as electron acceptors in devices that gave performances comparable to
crystalline PDI derivatives [15].
As compared to PCBM, perylenediimide derivatives are promising materials to modify the
surface of the electron collecting layer because their optoelectronic properties can be easily tuned
by tailoring the substituents on the imide groups or on the bay positions [16]. In addition, PDI
chromophores strongly absorb light in the visible region, which may provide an additional
contribution to the overall light harvesting of the device. In such process, the low-lying HOMO
levels of PDI derivatives may facilitate the hole transfer process from the PDI molecules to the
organometallic halide after light absorption [17]. The glass-forming properties of PDIfunctionalized molecular glasses are also appealing because the amorphous nature of the resulting
thin films is expected to prevent the formation of grain boundaries, improve the surface
morphology of the perovskite layer by increasing the surface adhesion and ensure optimal
coverage in the interface between the TiOx and perovskite layers, leading to enhanced electron
transfer.
Herein, we demonstrate the surface modification of an electron collecting layer TiOx by a
thin layer of an amorphous 3,4,9,10-perylenediimide-functionalized mexylaminotriazine
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derivative (thereafter referred to as PDI-glass) as an interfacial layer. With our optimized
interfacial modification by PDI-glass, the devices showed the best performance with an optimal
thickness of 10 nm. The power conversion efficiency of the device increases by 39% by
incorporation of an ultrathin layer of PDI-glass with an increase in short-circuit current from 9.7
to 11.05 mA cm−2 and fill factor from 0.51 to 0.61 [14].
6.2 Experimental
6.2.1 Materials
Lead iodide (PbI2) was purchased from Tokyo Chemical Industry (Tokyo, Japan), and
titanium (IV) oxysulfate (TiOSO4) was purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen
peroxide (H2O2), N,N-dimethylformamide (DMF), Methylamine solution (CH3NH2) and
Hydroiodic acid (HI) were supplied by Kanto Chemical (Tokyo, Japan). PDI-glass was
synthesized according to literature procedures [15]. Ultraviolet-visible (UV–Vis) absorption
spectra of perovskite films were measured using an absorption spectrophotometer (U3310,
Hitachi). Scanning electron microscopy (SEM) analysis was performed using a scanning electron
microscope (SU1510, Hitachi High-Tech) operated at 100 kV. Surface morphology was
investigated by atomic force microscopy (AFM; SII SPI3800N) in tapping mode. X-ray diffraction
(XRD) patterns of the prepared films were measured using an X-ray diffractometer (Smart Lab,
Rigaku) with an X-ray tube (Cu Kα, λ=1.5406 Å).
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6.2.2 Synthesis
6.2.2.1 Synthesis of methylammonium iodide
Methylammonium iodide (CH3NH3I) was synthesized by a modification of a procedure
reported in the literature [6]. 55% Aqueous hydriodic acid (11.0 mL) was added dropwise with
constant stirring to a mixture of methylamine solution (40 wt% in water, 7.75 g) and methanol (30
mL) in a 100 mL conical flask equipped with a magnetic stirrer. The reaction is exothermic and a
cloudy fume is formed. The mixture was stirred continuously with a magnetic stirrer for one hour,
at which point the resulting solution was dried under reduced pressure using a rotary evaporator.
The yellow brown solid formed was dissolved with ultrasonication in anhydrous methanol,
yielding an orange solution that was added gradually in a beaker containing 450 mL ethyl acetate
with constant stirring. The resulting white precipitate was filtered by vacuum filtration and washed
2–3 times with ethyl acetate to remove unreacted starting materials. The resulting white solid was
dried under vacuum for 6 h at 70 °C.
6.2.3 Device fabrication
Indium tin oxide (ITO) coated glass substrates with sheet resistance 10 Ω sq−1 were pretreated with oxygen plasma for 20 min. An amorphous layer of TiOx was deposited above the ITOglass by low temperature chemical bath deposition (CBD) method, as reported in the literature
[18]. A thickness of 60 nm was selected, because it was shown to yield optimal results in a previous
study [19]. In this method, the electron-collecting layer TiOx was deposited in an aqueous solution
of titanium (IV) oxysulfate (TiOSO4) and hydrogen peroxide (H2O2) for 16 min in an oil bath at
80 °C. An amorphous film was produced after heating to 150 °C for 1 h on a hot plate. PDI-glass
films of different thicknesses (5–15 nm) were deposited onto the TiOx by spin-coating from a PDIglass solution (10 mg/mL) in chlorobenzene at different spinning speeds for 60 s. The PDI-glass
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film was dried at room temperature for 10 min. A 200 nm perovskite film was deposited above the
TiOx/PDI-glass layer by spin-coating from a perovskite (CH3NH3PbI3) solution in DMF at 3000
rpm for 40 s. The films were allowed to dry at room temperature for 10 min and annealed at 100
°C for 10 min [20]. The hole transport layer was deposited by spin-coating of a 0.058 M solution
of spiro OMeTAD containing 0.19 M 4-tertbutylpyridine, 0.031 M LiNTf2 and 5.6×10−3 M Co(2pyrazolyl-4-tertbutylpyridine)3(NTf2)3 at 4000 rpm for 30 s. The films were allowed to evaporate
for 10 min under N2 in a glove box and annealed at 70 °C for 20 min. Finally, 100 nm of Au was
deposited under high vacuum above the hole transport layer. The device structure and the
molecular structure of PDI-glass used as interfacial layer are shown in Figure 6.1. The area of the
devices is 0.04 cm2.

Figure 6.1 a) Device structure of PDI/Perovskite photovoltaic cells, and b) molecular structure of
PDI-glass.
The energy level alignment of the various components of the device is shown in Figure
6.2. The LUMO and HOMO of perovskite are −3.7 and −5.4 eV respectively. The LUMO of PDIglass is well matched with the LUMO of perovskite, which facilitates the transport of charges
towards the electrodes. Under illumination with an intensity of 100 mW cm−2, the excitons are
generated by the absorption of light in the perovskite and PDI-glass layers. The charges are
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separated at the interface between the perovskite and PDI-glass junction, and the charges are
transported towards the oppositely charged electrodes via the TiOx electron transport layer and the
spiro OMeTAD hole transport layer, resulting in a photovoltaic effect in the device. The current
density-voltage (J-V) characteristics of the cells were measured using a Keithley 2401 Source
Meter under AM 1.5 solar illumination.

Figure 6.2 Energy level alignment of the materials in the device.
6.3 Results and discussion
6.3.1 UV-Visible Absorption Spectra of Perovskite/PDI-glass film
The UV–visible absorption spectra of the devices recorded before deposition of the holetransport layer are reported in Figure 6.3. While the TiOx layer only absorbs weakly near 450 nm,
possibly a result of light scattering, the perovskite layer shows strong absorption in a wide range
covering the entire visible to near-infrared region, with two maxima near 400 and 500 nm. The
PDI-glass layer alone absorbs weakly in the visible range near 550 nm, as expected from its very
low thickness. In contrast, devices containing both PDI-glass and perovskite layers show a similar
curve to perovskite in the absence of PDI-glass, but with enhanced absorption in the range from
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450 to 600 nm. The absorbance enhancement observed is significantly higher than what is
observed for the PDI-glass layer alone. This may be due to a change in the perovskite morphology
as evidenced by the structural analysis presented below.

Figure 6.3 UV–Visible absorption spectra for perovskite films with and without PDI-glass.
6.3.2 X-ray Diffraction Analysis of Perovskite/PDI-glass film
TiOx/perovskite and TiOx/PDI-glass/perovskite films were deposited under the same
conditions as used for fabricating the devices and were characterized by X-ray diffraction. The Xray diffraction patterns for the perovskite films with and without an interfacial layer of 10 nm PDIglass are shown Figure 6.4. The strong diffraction peaks at 2θ = 14.12°, 28.44° and 43.23°
respectively for both samples, which correspond to the (110), (220), (330) planes, are identical,
showing the tetragonal structure of perovskite as reported in the literature [9,21]. The absence of
a peak at 2θ = 12.65° for PbI2 indicates complete consumption of the starting materials. There are
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no obvious peaks corresponding to PDI-glass, showing its amorphous nature. The other peaks
corresponding to 2θ = 21°, 30° and 51° are due to the ITO substrate.

Figure 6.4 XRD scans for perovskite films with and without a 10 nm PDI-glass interlayer.
6.3.3 Current-Voltage (IV) Characteristics for PDI-glass/Perovskite Cells
The

current-voltage

curves

for

the

ITO/TiOx/PDI-glass/CH3NH3PbI3/Spiro-

OMeTAD/Au devices were measured both in the dark and under illumination for various PDIglass layer thicknesses of 0 nm (no PDI-glass layer), 5 nm, 10 nm and 15 nm. The curves are
shown in Figure 6.5. All devices showed appropriate diode behavior in the dark. The dark current
remained constant in the reverse bias and current increased exponentially in the forward bias with
applied voltage. The devices showed an increase in performance by adding a PDI-glass layer up
to an optimal thickness of 10 nm, at which point increasing the thickness resulted in the
performance decreasing sharply to reach values lower than that of devices with no interfacial layer.
The power conversion efficiency showed a 39% increase from 4.11% to 5.75% in the presence
PDI-glass with an increase in short-circuit current from 9.7 to 11.05 mA cm−2 and fill factor from
0.51 to 0.61.
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Figure 6.5 Current density-voltage characteristics for perovskite photovoltaic cells with and
without PDI-glass interlayer in the dark and under 100 mW cm−2 illumination.
In comparison, the incorporation of 10 nm PC61BM on TiOx showed a power conversion
efficiency enhancement of 37% (5.12 to 7.04%) with increases in short-circuit current from 11.98
to 13.47 mA cm−2, and fill factor from 0.49 to 0.55 [10]. In both cases, no significant changes in
open-circuit voltage were observed. Results with PDI-glass, while closely similar to that obtained
with PCBM, are promising to improve the surface of TiOx for low temperature flexible PV cells,
particularly because PDI-glass is both easier to process and less expensive than PCBM. The
increase in photovoltaic parameters with the addition of a PDI-glass interfacial layer is likely due
to an improvement in the efficiency of charge extraction at the interface resulting from a higher
contact surface, thereby improving the contact between TiOx and perovskite, and making available
a larger number of electrons. The photovoltaic parameters for devices with and without PDI-glass
are summarized in Table 6.1. The decreasing performance beyond optimum PDI-glass thickness
is a sign that enhanced light absorption from the PDI-glass is not the reason for the photocurrent
increase with the PDI-glass interlayer. The decrease may be attributed to the high series resistance
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of the materials that degrades photovoltaic parameters, as seen in the fill-factor reduction from
0.61 to 0.44 in Table 6.1.
Table 6.1 Photovoltaic parameters for perovskite photovoltaic cells with a configuration
ITO/TiOx/ PDI-glass/CH3NH3PbI3/Spiro-OMeTAD/Au.
PDI-glass thickness (nm)
0

Jsc (mA
cm−2)
9.77 ± 0.44

Voc (V)

FF

0.81 ± 0.02

0.51 ± 0.02

5

10.58 ± 0.34

0.82 ± 0.02

0.48 ± 0.03

10

11.05 ± 0.12

0.84 ± 0.01

0.61 ± 0.01

15

10.07 ± 0.19

0.83 ± 0.01

0.44 ± 0.01

PCE (%)
4.11 ±
0.31
4.24 ±
0.46
5.75 ±
0.24
3.70 ±
0.23

6.3.4 Aging Behaviour of PDI-glass/Perovskite Cells
The aging behavior of the devices was tested by measuring the photocurrent density of the
devices (not encapsulated) across a fixed external load of 2000 Ω with repeated cycles of
illumination (100 mW cm−2) and darkness. The time for each cycle was fixed to 4 min and all the
devices were measured for 8 cycles. A sample curve of current density as a function of time for
the devices is shown in Figure 6.6a, and shows a rapid decrease in current density upon repeated
light/dark cycles. The Jsc of the device decreased from 7.02 mAcm-2 in the first light cycle to 0.57
mAcm-2 in the 7th light cycle.
The current density of the devices was also monitored under continuous illumination for 1
h to assess whether this performance degradation reaches a stable minimum. Figure 6.6b shows
the decrease in current density as a function of illumination time, and reveals that photocurrent
first decreases sharply for the first 15 min of illumination, and then continues to decrease at a
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gradually lower rate. Jsc decreased from 6.3 mA cm−2 to 0.47 mA cm−2 with continuous exposure
of light (100 mW cm−2) for 1 h.

Figure 6.6 a) Cyclic photocurrent and dark current (4 min each), and b) continuous photocurrent
as a function of time for perovskite photovoltaic cells with a 10 nm PDI-glass interlayer.
It was discussed in a recent study that this performance degradation behavior was
associated with UV-generated trap sites, thereby leading to the formation of charged regions in the
bulk of the thin film [22,23]. This process lowers the short-circuit current density (Jsc) and the
photocurrent decreases with illumination time. It was also shown that these light-activated trap
states dissipate progressively when the device is kept in the dark, though both the recovery rate
and completeness are largely dependent on the deposition conditions of the TiO2 or TiOx and
perovskite layers. In the current case, no recovery was observed during the 4-min cycles where the
samples were in the dark.
X-ray diffraction analysis of the devices was performed before and after illumination to
assess whether degradation occurred during the experiment. In both cases, the main diffraction
peaks of perovskite are observed at 2θ = 14.12° (110) and 28.44° (220), indicating that the crystal
structure was not affected by continuous illumination as shown in Figure 6.7. No obvious peak
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was observed at 2θ = 12.50° for PbI2, showing no significant degradation of perovskite. However,
two additional peaks at 2θ = 35.30° and 38.00° have appeared as a result of illumination are
attributed to the partial rearrangement of perovskite in the tetragonal phase [24], which acts as
defects, thereby contributing to performance degradation.

Figure 6.7 XRD scans for a perovskite photovoltaic cell with a 10 nm PDI-glass interlayer before
and after continuous irradiation for 1 h.
6.3.5 Incident Photon to Electron Conversion Efficiency (IPCE) Spectra
Incident photon to electron conversion efficiency (IPCE) spectra for the devices were
recorded in the ultraviolet to near infrared range (300–800 nm). The spectra for devices without
PDI-glass and with a 10-nm layer of PDI-glass are shown in Figure 6.8. The IPCE spectra of the
devices are similar to the UV–visible spectra of the devices shown in Figure 6.3. The IPCE of the
device with PDI-glass shows an increase versus the reference with no PDI-glass interfacial layer,
which parallels the increase in short circuit current reported in Table 6.1. The Jsc calculated from
the by IPCE (10.5 mA cm−2) is consistent with the Jsc value obtained from the J-V curve. The
increase in IPCE and Jsc is attributed to the higher LUMO energy of the PDI in Figure 6.2, matching
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the LUMO of the perovskite and improving electron extraction from the perovskite to the
TiOx/ITO electrode. This provides a larger built-in field favoring charge drift under short-circuit
conditions as well as a larger fill factor.

Figure 6.8 IPCE spectra for perovskite photovoltaic cells with and without a 10 nm PDI-glass
interlayer.
6.3.6 Morphology of PDI-glass/Perovskite Films
The morphology of the perovskite films, both in the presence and absence of an interfacial
PDI-glass layer, were studied by scanning electron microscopy (SEM). Images of both annealed
films on glass/ ITO/TiOx substrates are shown in Figure 6.9. Grainy topologies are observed for
both films at low magnification (Figure 6.9a/c), while higher magnification (Figure 6.9b/d) reveals
the perovskite films adopting the expected ribbon-like structure [24]. It can be observed that the
morphology changes slightly upon incorporation of PDI-glass: the presence of an interfacial PDIglass layer results in larger perovskite ribbons.
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Figure 6.9 SEM images for (a) perovskite film on TiOx at low magnification (1.0k), (b) perovskite
film on TiOx at high magnification (5.5k), (c) perovskite film on TiOx/PDI-glass at low
magnification (1.0k), and (d) perovskite film on TiOx/PDI-glass at high magnification (5.5k).
Surface topography images of the perovskite films with and without PDI-glass were further
studied by atomic force microscopy (AFM) and are shown in Figure 6.10. Both images show a
similar ribbon like morphology, thereby supporting the observations from SEM. Again, the ribbonlike structures are larger in the film with a PDI glass under layer, and the surface of the perovskite
film in the presence of a PDI-glass layer is relatively smoother with a roughness of 75 nm
compared to a roughness of 80.5 nm in the absence of PDI-glass, as calculated from the AFM
scans with the Gwyddion software [25]. It is believed that the larger nanostructures and smoother
surface observed in the presence of a PDI-glass layer are due to better adhesion and coverage of
perovskite on the PDI-glass surface, and higher homogeneity of the amorphous PDI-glass layer as
compared to the TiOx layer alone.
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Figure 6.10 AFM images for (a) perovskite film on TiOx and (b) perovskite film on TiOx/PDI.
This higher homogeneity, coupled with an improved cohesion of the TiOx/perovskite
interface due to the presence of the PDI-glass would lead to larger absorption and quantum
efficiency as observed in Figures 6.3 and 6.8. The energy-dispersive X-ray spectra (EDS) mapping
for the perovskite films is reported in Figure 6.11 and shows that the ratio of Pb and I in the
perovskite film is consistent with the theoretical ratio. The details of the elemental composition
are shown in Table 6.2.
Table 6.2 The elemental composition of CH3NH3PbI3 on TiOx/ITO-glass.
Element

Wt %

At.Mass

C

7.96

12

0.66

N

7.28

28

0.26

I

41.87

126.9

0.32

Pb

21.81

207

0.10
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No. of moles

Figure 6.11 EDS mapping for CH3NH3PbI3/PDI on TiOx/ITO-glass.
6.3.7 Photoluminescence of PDI-glass/Perovskite Films
To To support these observations, charge transfer through the interface between the
perovskite and PDI-glass layers was studied via photoluminescence (PL). The PL of perovskite
(CH3NH3PbI3) and CH3NH3PbI3/PDI films on glass substrate are displayed in Figure 6.12. It
shows that the photoluminescence of perovskite is quenched significantly in the presence of the
PDI-glass layer. The PL for perovskite/PDI-glass film shows significant quenching even at a very
low thickness of PDI-glass, revealing efficient charge transfer at the interface between the photoexcited perovskite and PDI-glass.
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Figure 6.12 PL for CH3NH3PbI3 and CH3NH3PbI3/PDI.
6.4 Conclusions
In conclusion, we found that the presence of a thin interlayer of amorphous PDI-glass
incorporated between the TiOx and perovskite layers in organometallic halide photovoltaic cells
improves the overall performance of the cells. The devices were optimized with varying thickness
of PDI-glass and the devices showed the best performance with a thickness of 10 nm. The power
conversion efficiency of the device increased by 39% by the incorporation of a 10 nm PDI-glass
layer, with an increase in short-circuit current from 9.7 to 11.05 mA cm−2 and fill factor from 0.51
to 0.61, though no significant changes in open-circuit voltage were observed. A decrease in
performance beyond the optimal PDI-glass thickness was observed, and is likely due to the high
series resistance of the materials that would degrade photovoltaic parameters. The efficiency
enhancement observed with a low-thickness perovskite layer processed in the one-step process
under ambient conditions was found to be similar to previously reported enhancements with
PC61BM (37%) in perovskite cells with similar increases in open-circuit voltage, short-circuit
current and fill factor.
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The results reported herein represented the first trial in the use of an amorphous, nonfullerene electron acceptor as an interfacial layer in organometallic halide photovoltaic cells, and
show that significant performance enhancements can be achieved with cost-effective materials
under simple processing conditions that are compatible with flexible and large area substrates.
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Chapter 7
Conclusion and Future Goals
7.1 Conclusion
The main aim of this thesis was the development of glass-forming materials for the
fabrication of amorphous bulk heterojunction organic PV cells. Chapter 1 provides a general
introduction of conjugated polymers and organic small molecule semiconductors, molecular
glasses, organic PV cells and their backgrounds. In Chapter 2, the focus was the development of
PDI-functionalized mexylaminotriazine glasses and the investigation of their optical, electronic,
thermal and photovoltaic properties. All four PDI functionalized molecular glasses have been
studied as electron acceptors in organic PV cells, and promising results have been achieved.
However, further improvements can be implemented by the optimization of various parameters
such as structural modifications of the acceptor, choice of donor polymer, device processing
conditions such as deposition parameters, additives, and annealing temperature and time.
In Chapter 3, the main goal was the development of amorphous non-fullerene acceptors
that showed a higher performance than that of the PDI glass derivatives, as well as their
comparison with analogous crystalline derivatives. For this study, two diketopyrrolopyrrole
derivatives were synthesized, one amorphous and one crystalline, and their optical, electronic,
thermal and photovoltaic properties were compared. The devices fabricated with crystalline and
amorphous DPP derivatives showed some photovoltaic behaviour, however, the glassfunctionalized DPP showed remarkably higher efficiency as compared to its crystalline analogue
because of a smoother and defect-free morphology. Further improvements in efficiency could be
achieved by using different donor polymers or optimizing the device processing conditions (such
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as solvent, additives, annealing etc.) or by molecular engineering of the DPP derivatives to better
tune their energy levels.
In Chapter 4, the objective was the development of organic photovoltaic cells where the
active layer is an amorphous homogeneous blend composed of two small-molecule materials,
including a squarylium cyanine donor (SQ-glass), and either DPP-glass or PC61BM as acceptor.
The results with devices fabricated with both blends are preliminary. Further improvements in PV
performance could be obtained by designing other glass-forming donors based on triphenylamine
or oligothiophene moieties or optimizing the device processing conditions.
In chapter 5, the main goal was the development of stable ternary blend organic PV cells
using molecular glasses as guest acceptors. Inverted devices incorporating P3HT and PCBM with
various concentrations of PDI-glass (10-25%) or DPP-glass (10-20%) were fabricated, and
efficiency enhancements of 35-38% were obtained with optimal concentrations of DPP-glass (15%
by weight) and PDI–glass (20% by weight), respectively. The improvement in PV performance is
likely due to the fact that the DPP-glass or PDI-glass molecules locate at the interfaces between
P3HT and PCBM domains without the formation of dye aggregates. Furthermore, the devices
showed a stability towards moisture and oxygen similar to that of binary (P3HT/PCBM) devices,
and their PCE decreased by only 20% after exposure for 40 days in the dark under ambient
conditions.
In Chapter 6, the surface modification of the electron collecting layer TiOx in perovskite
solar cells by a thin layer of an amorphous 3,4,9,10-perylenediimide-functionalized
mexylaminotriazine derivative as an interfacial layer showed improvement in the efficiency. Best
performance was achieved with an optimal thickness of 10 nm. The power conversion efficiency
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of the device increased by 39% with incorporation of an ultrathin layer of PDI-glass, the shortcircuit current increased from 9.7 to 11.05 mA cm−2 and fill factor from 0.51 to 0.61.
Amorphous materials were not commonly used for OPV, possibly because researchers
assumed that crystalline materials were necessary to reach better performance. In this work, we
could show that amorphous OPV cells are promising and deserve to be studied more in depth. In
particular, assuming that an homogeneous amorphous blend will maintain its efficiency over any
size range as the film morphology is rather independent on processing conditions, a cross-over
point should be reached in device size where amorphous devices would start showing higher
efficiencies than their crystalline counterparts.
7.2 Suggestions for Future Work
As we demonstrated the successful application of four amorphous PDI-glass derivatives as
electron acceptors in organic solar cells; these materials could also be incorporated into other
electronic devices such as organic light emitting diodes (OLEDs) [1] or organic field-effect
transistors (OFETs) [2] since all four PDI-glass derivatives show electron-transporting behaviour
and can be processed easily by solution deposition methods.
We studied a few charged transport amorphous materials, but there exist several others
such

as

phthalocyanines

(p-type)

[3],

oligo-thiophenes

(p-type)

[4],

and

tris(8-

hydroxyquinolionato) aluminium (n-type) (Alq3) [5] etc., that show potential for the fabrication of
high-performance photovoltaic cells, but crystallize easily and form poor films after deposition. In
order to obtain efficient photovoltaic cells, they could be functionalized with mexylaminotriazine
units to impart similar glass-forming ability on the linked moiety.
We successfully demonstrated that ternary component amorphous glass (PDI-glass/DPPglass) could be incorporated in polymer solar cells and enhance efficiency without degradation of
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the device stability. Since SQ-glass also shows strong absorption at larger visible wavelengths than
P3HT and PCBM, it could constitute another appealing material to design ternary blend polymer
solar cells with P3HT and PCBM or alternative glass-forming acceptors.
While PDI-glass was studied as a ternary component in the active layer, it could also be
studied as an interfacial layer for the ZnO or TiO2 electron collecting layer. Since molecular glasses
showed remarkable improvement in the electron extraction from the perovskite layer to the cathode
by improving the TiOx interface properties, there is further room for these materials to be used as
interfacial layers in other electronic devices such as organic light emitting diodes (OLEDs) [6] or
bulk heterojunction organic solar cells [7]. We could modify the surface of low temperature
processed TiOx layer in Pb-containing organic-inorganic perovskite solar cells and improved
efficiency by 39%. This concept could also be implemented to improve efficiency of the Pb-free
planar perovskite solar cells. Hao et al. reported the fabrication of lead free perovskite solar cells
on mesoporous titanium dioxide using methyl ammonium tin iodide as light absorbing material
[8]. Mesoporous titanium oxide processed at high temperature would not be compatible to
fabricate flexible solar cells so we could fabricate lead free perovskite on glass modified
amorphous titanium dioxide processed at low temperature. The idea would permit to fabricate
flexible perovskite solar cell free from toxic elements and compatible with flexible substrates.
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