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ABSTRACT

There is an increasing interest on low cost alternative n-type materials for substituting the
commonly used fullerene-type acceptors in organic photovoltaic (OPV) devices. One
interesting class of non-fullerene electron accepting materials is the class of perylene diimide
(PDI) derivatives. PDI derivatives are exhibiting a strong absorption in visible region, a high
electron mobility and a very strong tendency to form columnar structures via n—x stacking of
the PDI disks. A model bulk-heterojunction of a PDI derivative is fabricated to interrogate
the role of PDI aggregates on the OPV device parameters. The positive effect of thermal
annealing is assigned to the evolution of PDI aggregates in the amorphous
poly(indenofluorene) (PIF) matrix. In situ Raman spectra and density functional theory
calculations identify a marker for monitoring the strength of m—m stacking interactions
between PDI monomers. The hierarchical organization in the photoactive layers and in
extruded fibers of polymer:PDI is studied with fluorescence optical microscopy, atomic force
microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy and wide-angle
X-ray scattering. The difference in the device performance of systems is attributed to the
different microstructural motif of the composites. Structural order dictates i) the strength of
electronic coupling between adjacent PDI molecules, ii) the stabilization of the PDI excimer
state that influences the efficiency of quenching of the PDI excimer photoluminescence (PL),
and iii) the efficient electron transport. XPS study explains why inverted-OPV devices of
PDI-based polymeric blends perform better than conventional structure of OPV devices. A
solution processed polymeric interlayer of Poly [9, 9-dioctylfluorene-co-N-[4-(3-
methylpropyl)]-diphenylamine] (TFB) has been also utilized for i) reducing the dark current
of the device ii) positively affecting the layer morphology for improving charge extraction
and iii) maximizing the power conversion efficiency of the PIF:PDI system. On basis of

optimized steps power conversion efficiency of 3.7% is achieved with monomeric PDI mixed



with the low-band gap polymeric donor and a small amount of 1, 8-diiodooctane (DIO)
additive. Space-charge limited dark current, intensity dependent and transient photovoltage
measurements suggest that the use of the DIO component optimizes the electron/hole carrier
mobility ratio and suppresses the non-geminate recombination losses. Further a low
temperature dependent study of PDI photoluminescence clarifies the effect of energy transfer

on the PDI excimer dissociation efficiency in PDI based blend film.
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Chapter 1

Introduction

1.1 Background

Renewable energy is paramount for a sustainable global future. There are a number of
renewable energy sources exist in the environment, such as biomass, hydroelectric energy,
solar energy and wind energy where solar energy has the highest amount of potentially
available on earth. The most efficient and fastest conversion of sunlight into electrical
energy is possible only through solar cell devices. Converting sunlight directly into
electricity using solar cell technology is an important component for the green energy.
Alexander-Edmond Becquerel first observed the photovoltaic (PV) effect in an electrolyte
solution in 1839 [1], and silicon (Si) based solar cells was developed with a power
conversion efficiency of 6% at Bell Laboratories in 1953 [2]. According to the progress
made in the development of PV technology solar cells have been categorized in to four
stages. First stage: single junction solar cells were fabricated on large scale Si wafers and
maximum PCE achieved is 25 % [3, 4]. Here, the cost of production is much higher than the
conventional sources. Second stage: solar cells were focused on cost issue and keeping high
PCE. Here solar cells were made with thin films of amorphous Si on low cost glass
substrates. The maximum PCE was achieved only 14 % due to difficulties in uniform film
deposition [4]. Third stage: an alternative way was discovered to reduce the cost and
increasing the PCE number high. A multiple stacking was used to increase the efficiency of
the solar cell devices which is known as tandem solar cell [4]. Fourth stage: a completely

new idea in terms of device architectures and materials is developed i.e organic
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photovoltaics (OPVs) and dye sensitized solar cells (DSSCs) [5]. In all PV technologies,
OPVs technology is appearing as a promising solution for the low cost solar cell. For this
reason, in last decade OPVs became an interesting research area for researchers. This
Chapter provides a very brief introduction to the field of solar cells, covering the basic
working principles and the most importantly device architectures that are used to fabricate

devices in this work.

1.2 Solar cell

Solar cell is a device that directly converts sunlight energy into electrical energy by the PV
effect. In this process an incident photon strikes the material and, if the photon has enough
energy, than electron will excite from its rest state. In semiconductor material electron is
transferred from the valance band to the conduction band and leaving a positively-charged
electron (called as a hole) in valance band. In inorganic solar cells a high-energy processes
are required to fabricate the devices. The purity of Si wafer and fabrication processes
required increase the costs of solar cell device. Moreover, high temperatures required are not
compatible with flexible materials substrate like plastic. In contrast, organic semiconductor
materials can easily processed at low temperatures and can be deposited amorphously on the
plastic substrate. After the first demonstration of a heterojunction OPV by Tang et al. [6] the
efficiency and stability of OPVs has improved to a level, but still has to improve to make it
cheaper than inorganic cells where OPV can cover the difference in efficiency number.
Reasons for the increased interest in organic solar cells are summarized as follows; organic
materials allow for fast, simple, low-cost and large-volume processing. In other words,
organics can be solution processes, which refer to the printing or coating of the solar cells by

using roll-to-roll process, similar to the way in which newspapers are made.
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1.2.1 Physics of operation

Inorganic solar cells are made with two different kind of semiconducting materials, p-type
and n-type. The p-type semiconductors are those that have been doped to increase the hole
density and n-type semiconductors are those that have been doped to increase their electron
density. When n and p-type semiconductor are put in contact than holes from the p-type
semiconductor and electrons from the n-type semiconductore diffuse into the each other, and
forming a depletion region. As the depletion region forms charges start building up on both
side and create an electric field which is opposing the diffusion current. The resulting
structure is a p-n junction diode that allowing the current flow in only one direction. When
light is shine on the p-n junction diode, holes and electrons will creat in the depletion region
due to electric field present and travel to the p and n side, respectively. These separated
charges diffuse to the charge extracting electrodes of the solar cell and contributing to
power.

The main difference in the working principle between OPVs and inorganic PVs is that
upon absorption of photon by inorganic materials, generated excitons are dissociating into
free charge carriers as they created, whereas in organic materials, excitons needs to over
come exciton binding energy before dissociate into free charge carriers. This difference is
mainly arises because of the difference in dielectric constant of the organic and inorganic
materials. The process by which sunlight is converted into electric power consists of four
basic steps shown in Figure 1.1. (1) The photon absorb by the photoactive layer is helping
to promotes the electron to the lowest unoccupied molecular orbital (LUMO) while leaving
the positive charge carrier (hole) in the highest occupied orbital (HOMO). The excited pair
is still bounded by the coulomb attraction forces forming an exciton; (2) the exciton diffuses

to the interface of donor and acceptor; (3) the exciton is dissociated into free charge carriers
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at the junction of donor and acceptor; and (4) the free carriers are transported to the

electrodes and collected at the opposite electrodes.

Cathode

Acceptor

Figure 1.1. Schematic presentations of the processes involved in photoelectric conversion in OPVs.

The photoactive layer of OPVs can design in three different ways as shown in Figure 1.2.
The active layer can be a single layer, bilayer hetrojunction, or bulk hetrojunction (BHJ).
The first OPVs were based on the single layer structure in which the excitons were separated
into free charges at the photoactive layer/electrode interface. Since the separation of the
charges in this case is limited by diffusion length of excitons, the concept has not been
successful because of very low efficiency. The efficiency drastically increased after the
introduction of donor (high ionization potential organic material)/acceptor (high electron
affinity organic material) bilayer structure, in which donor and acceptor layer brought
together, forming a bulk hetro junction (BHJ) similar to the pn-junction of the inorganic
solar cells. In this photoactive layer, only those generated excitons will dissociate that will
come with in the diffusion length from the donor/acceptor interface and for this reason
photocurrent delivered by the devices is quite low. A tremendous improvement in PCE
comes with the idea of BHJ, in which donor and acceptor materials are mixed in bulk,
having nanoscale morphology. In this way, the interfaces is increased throughout the whole
photoactive layer, thereby providing more effective charge separation and separate path for

4
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the transport of the free carriers. In this thesis BHJ photoactive layers are used for the

fabrication OPV devices.

Cathode Cathode Cathode

Anode
Single Layer OPV Bilayer OPV Bulk Hetrojunction OPV

Anode [ Anode

Figure 1.2 Device structure of the OPV device with three different photoactive layers.

1.2.2 Figures of merit

Solar cells are basically defined by figures of merit including short circuit current (Jsc), open
circuit voltage (Voc), maximum power density (Pg), and fill-factor (FF). These figures of
merit are illustrated in Figure 1.3 and described below.

Short circuit current (Jsc): Jsc is defined as the current output by a solar cell when short
circuited under illumination. Jsc represents the number of charge carriers that are generated
and eventually collected at the electrodes when externally applied voltage is 0 Volts. Jsc of
the device depends on number of factors such as small band gap, high absorption coefficient,
smaller phase separation, and high carrier mobility.

Open circuit voltage (Voc): Voc is the voltage present when no current is allowed to flow
(Jsc = 0). Voc has been reported to mainly dependent on the work function difference of the
metal contact for non-ohmic contact and if the contact is ohmic then dependent on the
energetic difference in between HOMO of donor and LUMO of acceptor.

Fill Factor (FF): The FF is another quantity which is used to characterize a solar cell and
gives a measure of how much of the open circuit voltage and short circuit current is utilized

at maximum power. It defines as
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_ Jmax X Vmax

FF =
]SC X VOC

As shown above, FF is the ratio between the maximum power point and maximum power
attainable power output i.e. Ji X Vo.. The maximum power point, where the power
generated by the cell (current times voltage) reaches a maximum, gives the current and
voltage at this maximum, Jmax and Vmax. FF represents dependence of current output on the
internal field of the device and is quantified by the series resistance and shunt resistance.

Power conversion efficiency (PCE): The power conversion efficiency can be express as the

ratio of the maximum power density (Jmax X Vmax) t0 the incident light power density (Pin).

where Pj, is the input power density.

The four quantities Js, Vo, FF and PCE are frequently used to characterize the performance
of a solar cell. Solar cells are measured with standard lighting conditions light flux of 100

mW cm™, air mass 1.5 spectrum and temperature of 25°C.

— Current density, J
Power density, Py

Isc

J

Ll

Jmax

Current density

\‘rmax \'JOC

Voltage, V

Figure 1.3. Current density (J)-voltage (V) characteristic for an ideal case of solar cell.
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1.2.3 Equivalent circuit

The solar cell devices in the dark behave like a simple diode. The electrically equivalent
circuit that approximates the solar cell performance is drawn in Figure 1.4 [7]. In this figure,
each discrete component combines to model the function of a solar cell, where I is the
photocurrent in the cell generated during the illumination which is counteracted by the diode
current (Ip) and shunt current (Isy). The series resistance (Rs) in the equivalent circuit takes
into account all the resistance at interfaces of layers and conductivity of the semiconductors,
parasitic or shunt resistance (Rsy), which takes into account the leakage current through the
shunts due to the defects in the films. For good a performance of the OPV device Rs should

be low and Rg, has to be high values.

-w I
I SH

I (T) A\V4 RsH V

Figure 1.4. Equivalent circuit diagram for Solar cell.

The following expression represents the current that flows out of a cell at the electrodes

I =1,— Ip— Ly

I= I — Ip(edW+R/misT — 1) — =% (1)
SH

where n is the ideality factor of diode, q is the elementary charge, lo is saturation current

(current in the dark at the reverse bias), kg is the Boltzmann constant and T is the
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temperature in Kelvin (K). From the equation (1), Isc and V. can be calculated by placing V
=0, I =lIgand I =0,V =V, in equation (1), respectively.

ISCRS

RSH

ISC — IL_ Io(eqlscRs/nkBT_ 1)_

Voo = *22% In |1+ : (1- ILVR%)]

1.2.4 Quantum efficiency

To study the effectof optical factor (at each wavelength) in detail for solar cell, the quantum
efficiency (QE) is an important parameter. QE is the ratio of the number of charge carriers
collected by a OPVs to the number of photons of a given energy incident on the solar cell.
The shape of the QE curve is mainly dependent on the absorption curve of the active layer.

Mostly QE is represented by two kind of efficiencies: external QE and internal QE.

—External QE (EQE): EQE of the OPV device contains the effect of optical losses like

transmission and reflection of light from the solar cell.

— Internal QE (IQE): IQE refers to the efficiency which is related to the light absorbed or the
light that remains after the reflected and transmitted light, by the photoactive layer that can
generate charge carriers (electrons and holes). The EQE curve can be convert to IQE by
correcting IQE spectrum by measuring the transmission and reflection of a solar device. The
IQE characteristic is useful evidence when we are looking to improve the absorption in
specific wavelength positions which can be reflected as improvements in EQE at the

corresponding wavelengths.
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1.2.5 Device architecture

A schematic picture of typical conventional and inverted BHJ based OPV device are shown
in Figure 1.5a & b. The conventional device structure which consists of a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as hole collecting layer and a
photoactive layer, which are sandwiched between indium-doped tin oxide (ITO), and a low

work function metal (Ca/Al) electrode.

Inverted

Conventional

Ca/Al Silver

. PEDOT:PSS
Photoactive layer

Photoactive layer
PEDOT:PSS

ITO

(a)

Figure 1.5. a) Conventional and b) inverted device architecture of organic solar cell comprises of
different layers.

The low work function of metal electrodes can be easily oxidized in the presence of oxygen
leading to deterioration in efficiency and degradation in the stability. To overcome these
problems, a new device structure using a zinc oxide (ZnO) as a buffer layer between the
photoactive layer and ITO substrate has been introduced as a hole blocking as shown in
Figure 1.5b. Therefore, the concept of inverted organic solar cell has been introduced in
solar cell and named as inverted solar cell. The name inverted describes the reversed change
in polarity of the solar cell in comparison to conventional structure. Now, ITO collects
electrons and metal electrode collects holes. Higher work function metal electrodes like gold

(Au), silver (Ag), and copper (Cu) are generally used as a top metal electrode in inverted
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solar cell structure. These metal electrodes are stable and make a good contact with organic
layers. In bottom electrode, high energy band gap materials like zinc oxide (ZnO) [8],
titanium oxide (TiOy) [9, 10] and cesium carbonates (Cs,CO3) [11, 12] are generally coated
on the top of ITO substrate for an efficient electron extraction, whereas molybdenum
trioxide (V1) MbO; [13, 14], vanadium oxide (V20s)[15], tungsten oxide (WQO3) [16], and
solution-processed conducting polymer poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) [17] were deposited below the top metal electrodes.
Such interfacial layers play important roles (a) to decrease the contact resistance between the
organic and charge collecting metal electrode (b) to change non-ohmic contact in ohmic

contact with top electrode and (c) efficiently extract the charges.

1.3 Why perylene diimide?

The perylene diimides (PDIs) is a promising n-type material [18-23] exhibiting strong light
absorption in the visible. For some PDI derivatives, electron mobility values are high as 10™
- 10 em?/Vs, indicating their potential applicability to organic electronic devices and power
generates devices [24-28]. One of the main physical properties of PDIs is their tendency to
form columnar structures via m—m stacking. The UV-Vis spectra of the PDI-based
photoactive layers differ strongly from the typical UV—-Vis spectrum of the PDI monomer by
exhibiting the typical features of H-aggregate formation in the PDI absorption band [29, 30].
The role of PDI aggregates in the production of photogenerated charges in OPV devices is
still not well understood. Several reports on PDI-based OPV blend films have underlined the
detrimental effect of PDI aggregates that could act as charge traps or as stabilization sites
where the PDI excitons convert to PDI excimers and limit charge photogeneration efficiency
[21, 31-33]. Another issue of high importance for the performance of PDI organic solar cells
is the poor photodiode behavior of most PDI-based OPV devices. The rectification ratio of

10
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the dark current density—voltage (J-V) curves of these systems is very low [34] and for these
devices the symmetric character of the J-V characteristics indicates a low quality factor of
diode response. Considering also that the fill factor (FF) parameter of the PDI-based OPV
devices is much lower than the corresponding parameter in the fullerene-based OPVs, these
observations seem to suggest that the PCE of the PDI-based organic solar cells is limited by
inefficient charge extraction. In this thesis a careful consideration has been given to the
process of PDI aggregation and vertical phase separation in OPV polymeric composites, and

their consequences on the device performance.

1.4 Current state of the art and challenges of OPVs

During the last 10 years, the progress in the performance of OPV devices is significant and
the commercialization of the OPV technology is one step closer to realization. Organic solar
cells exhibit power conversion efficiencies (PCEs) of 9% when single films of BHJs are
employed, whereas PCEs of 10.6% can be reached using tandem device geometries [35-38].
However, one of the main factors that still hinder the wide production of OPVs is their high
manufacturing cost. Although the synthesis of the photoactive OPV components is easily
scalable, the cost of these materials remains high, keeping the watt produced/cost ratio low.
In their majority, efficient OPV BHJs rely on the use of fullerene derivatives that serve as
the n-type components in the photoactive layer of the devices. To this date, not much
attention has been given to other electron acceptors that could potentially be cheaper than
fullerenes. The class of PDIs is a promising class of n-type materials exhibiting strong light
absorption in the visible. The dissertation focus is on the understanding and development of

an efficient PDI based BHJ OPVs.

11
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1.5 Brief outline of the thesis

The focus of this thesis is concentrate on developing an efficient device structure for PDI
based organic solar cell via a combination of p-type materials, integration of the optimized

processes and interfacial properties.

Chapter 1 Introduction and aim of the thesis, and Chapter 2 dedicated to the materials and

experimental methods are used in thesis work.

In Chapter 3 the role of PDI aggregates has been investigated in the photocurrent generation
of PDI based BHJ OPV. Blend films of the PDI derivative are tuned by thermal annealing
for optimum domain size of PDI domains, film morphology, and charge carrier transport.
Raman spectroscopy, high resolution cross-sectional SEM, fluorescence optical microscopy

and AFM are used to unveil the bulk and surface morphology of the PDI based blend films

Chapter 4 gives an overview on interfaces/vertical phase separation in PDI based
photoactive films. The size of the PDI and polymer domains has been revealed by using

wide-angle X-ray scattering technique.

In Chapter 5 a solution processed polymeric interlayer has been utilized to enhance the PCE
of the PDI based OPV. The polymer interlayer positively modifies the morphology of the
photoactive polymer:PDI layer by promoting the PDI component towards the electron-
collecting contact thus increasing the short-circuit current of the device. The processes of
energy/charge transfer of the interlayer (TFB) excitons to/with the polymer:PDI top-layer is

also addressed.

In Chapter 6 additive has incorporated in the blend solution to improve the morphology of
the PDI based blend film. The 0.4 volume % 1, 8-diiodooctane (DIO) improves the

efficiency of the PDI based OPV devices by 3.7%. In Chapter 7 contribution of charge and

12



Chapter 1 Introduction

energy transfer steps in photoluminescence quenching has been investigated for an efficient

PDI based blend system.

In last summary of thesis and future work.
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Chapter 2

Materials and Experimental Methods

This chapter introduces the materials which are used in the scope of thesis work. All the
materials are presented in an order as they are appearing in the stack of the device, i.e.,
beginning with substrate than with bottom electrode through diverse photoactive organic
semiconductors and top electrode. Afterwards, the experimental techniques of sample
preparation are presented. The fabrication of organic solar cells and charge transport
devices are briefly explained. Finally, different experimental methods for the thin film and
the device characterization are introduced in short.

“If the facts don'’t fit the theory, change the fact.”
- Albert Einstein
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Chapter 2 Materials and Experimental Methods

2.1 Materials
2.1.1 Substrate
All organic solar cells and charge transport devices are fabricated on commercially available

surface polished glass/Indium Tin Oxide (ITO) substrates. The sheet resistance of the ITO is

15 Q/0O0. The substrates are purchased from Xin Yan Technology Ltd. ITO is a widely used as

an anode in OPVs because of its high conductivity and transparency.

2.1.2 Bottom electrode

In most of the conventional structured OPV devices highly conducting polymers are used on
the top of ITO as a bottom electrode. The most commonly used material of this class is
poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate) (PSS) (PEDOT:PSS)
as shown in Figure 2.1. The important property of this n-conjugated polymer is good film-
forming quality, high conductivity (10 ohm™cm™), transmission for visible light, and
relatively good stability [1]. Moreover, PEDOT:PSS has a smoothing effect on rough surface
of ITO, otherwise rough surface could result in small parallel resistances or even short
circuits through the cell. The work function of PEDOT:PSS lying in between 5.0 — 5.2 eV
that has a good matching for the HOMO of the donor materials in OPV blend. In case of
inverted OPVs solution processed Zinc Oxide (ZnO) layer is used as electron selective layer

on the top of ITO as a bottom electrode.
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Figure 2.1. Chemical structure of PEDOT:PSS [1].
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2.1.3 Organic materials for photoactive layer

Until now almost infinite number of organic materials, small molecules and polymers, as a
donor and acceptor are used in the photoactive layer of OPVs. In this work few p-type
polymers are selected to blend with n-type N, N’-bis(1-ethylpropyl)-3,4,9,10-perylene
tetracarboxy diimide (PDI) to form a best combinational efficient photoactive layer. All the
materials mainly serve as objects of comparison in terms of better morphology as well as

structural and energetic aspects.
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Figure 2.2. Chemical structures of the organic materials used in this study.

The selected p-type organic materials are Poly(indenofluorene)-aryl-octyl (PIF-Aryl),
Poly(indenofluorene) - octyl (PIF-Octyl), Poly [9, 9-dioctylfluorene-co-N-[4-(3-
methylpropyl)]-diphenylamine]  (TFB),  Poly(9,9’-dioctylfluorene-co-benzothiadiazole)
(F8BT), Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1",3'-
benzothiadiazole)] (PCDTBT), Poly[4,8-bissubstituted-benzo[1,2-b:4,5-b"]dithiophene-2,6-

diyl-alt-4-substituted-thieno[3,4-b] thiophene-2,6-diyl] (PBDTTT) and poly[(4,8-bis(5-(2-
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ethylhexyl)thiophen-2-yl)-benzo[1,2-b;4,5-b0]dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-
thieno[3,4-b]thiophene))-2,6-diyl] (PBD TTT-CT) as shown in the Figure 2.2. Moreover, the
materials cover a wide range of energy levels, as will be shown in the coming Chapters. The
materials like; PBDTTT-EO, PBDTTT-CT, F8BT, TFB and PDI are purchased from
Solarmer Energy, Inc. and used as they arrive. The synthetic protocol of the PIF derivatives

has been described before [2].

2.1.4 Polymeric interlayer

In order to avoid electrical losses inside an organic solar cell caused nearby the interface
between photoactive layer and the adjacent electrode, the insertion of the interlayer can be
useful to improve the OPV device performance. The insertion of the interlayer serve as
electron or hole blocking layer to stop the migration of charges to the wrong electrode, and
helping in charge extraction. In Chapter 5 a solution processed thin TFB interlayer has been

discussed in detail for the PDI based OPV devices.

2.1.5 Top electrode materials

For the top electrodes aluminum (Al) as a non-ohmic and calcium (Ca)/Al as an ohmic
contact are used for electron collection in the conventional structure of OPVs. In case of
inverted structure of the OPV devices V,0s/Ag is optimized as a hole collecting electrode as

a top electrode.

2.2 Experimental Methods

2.2.1. Sample preparation

2.2.1.1. Solution and thin film preparation

Polymer:PDI blend solutions of the donor and acceptor materials are prepared in chloroform
with overnight stirring and spun on the quartz substrates. The films are annealed in a No-filled

19



Chapter 2 Materials and Experimental Methods

glovebox and surface profilometry (Bruker, D150) has been used to determining the film

thickness.
2.2.1.2 Solar cell fabrication

The conventional structure of the OPV devices is prepared with stack
glass/ITO/PEDOT:PSS/polymer:PDI/top electrode. The ITO coated glass substrates are
ultrasonically cleaned using acetone and isopropanol for 15 min. After preliminary cleaning,
substrates are cleaned with Hellmanex Ill to remove contaminants and residues from the
surface of ITO. The substrates are again cleaned with de-ionized water followed by acetone
and isopropanol for 15 min and they are placed in oxygen plasma (100 W) for 10 min. Then a
film of PEDOT:PSS is spin coated over the ITO and the glass/ITO/PEDOT:PSS films are
dried in air at 140 °C for 30 min. The photoactive film is spun over the
glass/ITO/PEDOT:PSS films and the samples are then transferred in a N»-filled glovebox.
Top electrode films are deposited by thermal evaporation in vacuum (1x10° m bar) onto the
active films. Devices of 5.25 mm? active area are defined during the evaporation of metals
through a shadow mask. The device pixels are then connected to external lead frames (Tyco
Electronics, 1544169-4) to allow for electrical connection and encapsulated in glass using an
epoxy resin and hardener (Robnor Resins Ltd., UK), without the need for additional thermal
annealing. Curing of the epoxy is completed 24 h after the fabrication of the devices that
during this period are left in the glovebox. Final device structure for the conventional OPV is
shown in Figure 2.3. Inverted OPVs are prepared with the spin-coating deposition of an
electron-selective ZnO layer on the plasma-etched glass/ITO substrates [3]. The ZnO film is
dried in air at 150 °C for 30 min. Following the deposition of the photoactive layer similar
like conventional structure, subsequent depositions of 2 nm thick V,0s and 80 nm thick Ag

layers are performed in vacuum (1x10® mbar) by thermal evaporation. For all devices active
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area of the pixel is defined by the overlap of anode and cathode area that is 0.0525 cm?. Final

inverted device structure is prepared of the type glass/ITO/ZnO/photoactive layer/\V,0s/Ag.

Figure 2.3. Picture of the fabricated OPV device.

2.2.1.3 Charge transport device fabrication

Single carrier devices are fabricated in identical fashion with photoactive layers as used for
OPV devices. Electron-only devices are fabricated with electrodes of glass/ITO/ZnO and
Ca/Al, whereas hole only devices are prepared with electrodes of glass/ITO/PEDOT:PSS and

Au.

2.2.2 Thin film characterization

Thin films of the donor, acceptor and blend are characterized in terms of spectroscopy
(UV—vis absorption, photoluminescence (PL), continuous-wave photo-induced absorption
(cw-PIA) and ps-transient absorption (us-TA)), topographical (atomic force microscopy
(AFM) and contact angle measurements) and bulk morphology (scanning electron
microscopy (SEM)). PDI aggregates are also monitored in the blend films and devices with

Raman spectroscopy.
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2.2.2.1 Time-integrated UV-Vis and PL spectroscopy

UV-—vis absorption and PL spectra of the produced films are recorded with a UV-2700
Shimadzu spectrophotometer and a Horiba Jobin Yvon NanoLog spectro fluorimeter,

respectively.

2.2.2.2 Photo-induced absorption and ps-transient absorption

Samples for the continuous wave-photo induced absorption (cw-PIA) and ps-transient
absorption (TA) measurements are deposited onto quartz substrates and they are sealed in a
No-filled glovebox with epoxy glue and glass caps in order to avoid photo-degradation and
air-oxidation effects during the measurement. For cw-PIA measurements is provided by a
diode pumped solid state laser (Roithner Laser Technik GmbH) at 532 nm with the maximum
output power of 100 mW. The laser beam is mechanically modulated at 280 Hz. The pump
intensity is adjusted by positioning neutral density filters of different optical density across
the optical path. Continuous probe light is provided by a tungsten halogen lamp. Both pump
and probe are focus on the sample. The light is selected by 1/8 monochromator (Cm110
Spectral Products) equipped with two gratings (600 I/mm) for visible and near-IR spectral
range. Detection of the signal is carried out with a Si photodiode coupled to a dual channel
lock-in amplifier (SR830, Stanford Instruments). For us-transient absorption measurements
excitation is provided by the tripled frequency output of a passively Q-switched Nd:Y:LiF
laser from TEEM Photonics (355 nm, 300 ps, 1 kHz repetition rate). The pump power is
adjusted with neutral density filters. Probe light is provided by a 970 nm LED source
(Roithner Laser Technik) that is collimated and spatially overlapped with the pump on the
sample. Transient absorption kinetics are obtained by detecting probe intensity with/without

pump with a Si diode and a WaveMaster 804Zi LeCroy oscilloscope.
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2.2.2.3 Imaging and surface characterization

We have performed a set of imaging characterization experiments with increasing resolution

in order to visualize the PDI aggregates in blend films.

2.2.2.3.1 Fluorescence optical microscope imaging

Reflected fluorescence optical microscopy images are obtained with a CCD camera (XC10)
attached onto an Olympus polarizing optical microscope (BX51) operating in the reflection
mode, after using a super wide band filter(U-MSWG2, 480 nm-550 nm) for selectively using
the spectral output of a Mercury lamp (U-LH100, 100 W). All acquired images are recorded

with a integration time of 100 ms and with gain set at 2 dB.

2.2.2.3.2 Scanning electron microscopy imaging

A Zeiss Supra 40 Scanning Electron Microscope working in optimized low voltage
conditions (accelerating voltage < 2 kV) is used to capture the cross sectional image of the
devices. Samples for SEM are deposited on glass/ITO substrates by following a protocol
identical to that for the fabrication of the OPV devices. Cross-sectional SEM images are
recorded after carefully fragmenting the samples; a high accuracy diamond-knife is used for
cutting the samples in two pieces and for forming sharp edges that could be examined by
SEM. Top SEM images are acquired in an observation angle of 0 degrees (approximately) on
areas of the samples where no metallization with Al had occurred. In order to minimize
charging, instead of the typical Al pads used for OPV, the full top surface is evaporated with
Al and further grounded by means of Ag conductive paste. Cross-sectional SEM images are
recorded after carefully fragmenting the samples; a high accuracy diamond-knife is used for

cutting the samples in two pieces and for forming sharp edges that could be examined by
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SEM. Top SEM images are acquired in an observation angle of 30 degrees on areas of the

samples where no metallization with Al had occurred.
2.2.2.3.3 Atomic force microscopy imaging

Surface topography of all blend films is studied by atomic force microscopy (AFM) using an
Agilent 5500 in tapping mode under ambient conditions. Topography and phase images are

recorded simultaneously.
2.2.2.3.4 Contact angle measurement

Contact angle measurements are performed on the surfaces of the studied films using a drop

shape analysis system of Dataphysics Instrument OCA 15EC.
2.2.2.4 Wide angle X-ray scattering

A Rigaku RA-Micro 7Desktop Rotating Anode X-ray generator is used with a maximum
power of 800 W and brightness of 18 kW/mm? (operated at a tube voltage of 40 kV and a
current of 10 mA) utilizing a Cu target. Osmic confocal optics are used for a monochromatic
X-ray beam with 3pinhole point collimation. The detection system is a MAR345 Image Plate
Area Detector. The sample to detector distance is 31 cm. Samples are prepared as
macroscopically oriented filaments with a diameter of 0.5 mm from a mini extruder at 75 °C.
The WAXS measurements are made within the temperature range from 303 to473 K on
heating and on subsequent cooling in steps of 10 K. There corded 2-D scattered intensities are
investigated over the azimuthal angle and are presented as a function of the scattering wave

vector q (q= (4n/A) Sin(26/2), where 20 is the scattering angle).
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2.2.2.5 The X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) data are recorded with a SPECS Phoibos 150
hemispherical analyzer at a pass energy of 20 eV. The photoelectrons are excited by
unmonochromatized Mg K, radiation (v = 1253.6 eV). The overall resolution of the system
is 0.9 eV Full Width at Half Maximum. The XPS measures are performed at room
temperature. The buried interface could be accessed by first weakening the PEDOT:PSS
layer with bid stilled water and then mechanically delaminating the polymer:PDI films. The

lifted films are then transferred with the bottom interface upwards on a p-doped Si substrate.

2.2.3 Raman characterization

2.2.3.1 DFT calculations

Hybrid GGA B3LYP functional with triple split Pope basis set 6-311G* is used for
optimizing the PDI molecular structure and computing the out of resonance Raman spectrum.
PDI is considered as in vacuum. Stable equilibrium (no imaginary frequencies) optimized

geometry is obtained. All calculations are done by using the Gaussian09 program [4].

2.3.3.2 Raman spectroscopy on thin films

Raman spectra of blend and reference films on quartz substrates have been collected by
multi-wavelength laser excitation at A = 512 nm (in resonance with the main UV-Vis
absorption band of the PDI component). For each case the samples are placed on the stage of
an Olympus microscope, which is equipped with a 100X objective lense (focal length of 3.6
mm). The microscope is part of Horiba Jobin Yvon HR800 micro-Raman spectrometer
system. For all measurements, the powers of the laser is kept lower than 0.5 mW at the
sample surface in order to avoid laser-induced sample degradation and a laser spot of 0.59

pm diameter (focal length of 3.6 mm). All measurements are performed in ambient
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conditions and several spots of the films are tested for ensuring the reproducibility of the
results. For each measurement, it is verified that no indication of any possible damages took
place, by checking with an optical microscope the spot of the sample that is exposed to the
laser beam, before and after to laser exposure. Comparative Raman spectra under off
resonance conditions (excitation at 785 nm) are not very informative due to the low thickness

of the films.

2.2.3.3 Raman spectroscopy on OPVs

In situ Raman measurements on encapsulated devices are carried out on a Renishaw in Via
Raman microscope operating in back scattering configuration. The laser beam of an Ar” ion
laser (A = 514.5 nm) is focused onto the cells by means of a 50x long focal length objective
with a numerical aperture of N.A = 0.5, at a spot size of 1 um. The laser power density is
kept at low levels < 0.1 mW/pm? to avoid local heating of the samples. The spectra obtained
at different laser spots are very similar, demonstrating the reproducibility of the results.
Control Raman measurements on the device with the as-spun photoactive layer are
performed, which is considered to be more sensitive to the effects of laser-induced heating.
The recording of Raman signals is initiated by using a power density level of 0.01mW/pm?
and reaching a level of 0.1-1 mW/um? for confirming that no observable changes could be
found in the Raman characteristics (shift or broadening of modes), induced by the exposure
of the device to the laser. These working conditions permit a very good spectroscopic
characterization of the studied films and devices. Spectra obtained from the areas above the
Al contacts offered clearer spectroscopic information (less PL background signal, less Raman

signal from the protective glass) than those obtained from the Al free areas.
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2.2.4 Electrical characterization

2.2.4.1 Photovoltaic properties

A 2401 Keithley source-measure unit is used for recording the short circuit current whereas
monochromatic light is provided by a Quartz Tungsten Halogen lamp dispersed through a
Newport Oriel Apex monochromator illuminator. The light output from the Quartz Tungsten
Halogen lamp is monochromated by a Newport Oriel Cornerstone 130 1/8monochromator
and the short-circuit device photocurrent is monitored by the electrometer as the mono
chromator is scanned. Extreme care is taken so that the illumination spot size is not larger
than the device active area. To achieve that, the monochromatic output light is directed
through a circular iris onto the active area of the characterized device during the
measurement. A calibrated Si photodiode (818-UV Newport) is used as a reference in order
to determine the intensity of the light incident on the device, allowing the deduction of the
EQE spectrum. For each system characterized, the reproducibility of the results is checked by
measuring at least four to six devices. Photocurrent—voltage characteristics of the fabricated
solar cells are recorded with a 2440 Keithley source-measure and a Sol3A Oriel solar
simulator (AM1.5G). For each system characterized the reproducibility of the results is

checked by measuring at least four to six devices.

2.2.4.2 Charge transport properties

The dark current density- voltage (J-V) curves are recorded with the same Keithley as used in
the OPV characterization and charge carrier mobility for each device is determined based on

the space charge limited current model [5].
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2.2.4.3 Light intensity dependent measurements

A diode pumped solid state laser (DPGL2010F, Lambda Photometrics, A = 532 nm) is used to
photoexcite the devices and the photocurrent is recorded with a Keithley electrometer (Source
Meter Unit 2401). The laser output (10 mW, 1 mm diameter spot size) is attenuated with the
use of neutral density filters of known transmittance values at the photoexcitation
wavelength. For each device pixel several measurements are repeated for ensuring the stable
response of the photocurrent. All measurements are performed in ambient and excellent
reproducibility of the measured photocurrent is found. All measured devices are properly

encapsulated with epoxy and glass.

References

1. J. Huang, P. F. Miller, J. S. Wilson, A. J. de Mello, J. C. de Mello, and D. D. C. Bradley, Adv.
Funct. Mater., 15, 290, 2005.

2. J.Jacob, J.Y. Zhang, A.C. Grimsdale, K. Millen, M. Gaal, E.J.W. List, Macromolecules, 36, 8240,
20083.

3. Y. Sun, J.-H. Seo, C. J. Takacs, J. Seifter, A. J. Heeger, Adv. Mater., 23, 1679, 2011.

4. M.J. Frisch et al., Gaussian 09, Revision B.01, in, Wallingford CT, 2009.

5. Machui, F.; Rathgeber, S.; Li, N.; Ameri, T.; Brabec, C. J. J. Mater. Chem., 22, 15570, 2012.

28



Chapter 3

Role of Aggregation in Perylene Diimide
based Solar Cell

The role of monomeric perylene diimide (PDI) aggregates in the photocurrent generation of
a PDI-based bulk- hetrojunction organic photovoltaic (OPV) is investigated. Blend films of
the PDI derivative and the poly(indenofluorene) (PIF) polymer are used as a photoactive
layer for the fabrication of OPVs. All the films are thermally annealed between 60°C - 220
°C. The positive effect of annealing is assigned to the evolution of PDI aggregates in the PIF
matrix. Thermal annealing improves the electron and hole mobility of the PIF:PDI devices.
High resolution cross-sectional scanning electron microscopy suggests that photocurrent
generation efficiency (npc) in PDI-based OPVs is not limited by the PDI aggregates but by
the improper alignment of the PDI aggregates. In situ Raman spectra identify a marker for
monitoring the strength of n-m stacking interactions between PDI monomers. It is further
demonstrated that the electron-collecting electrode of the PIF:PDI devices dictates their
performance. The PIF:PDI device performance rectifies when a Ca/Al electrode is used and
the power conversion efficiency (PCE) is increased by a factor of four.

”Know how to solve every problem that has ever been solved.”
- Richard Feynman

29



Chapter 3 Role of Aggregation in Perylene-Diimide based Solar Cell

3.1 Introduction

Perylene-diimide (PDI) derivatives are among the n-type materials that were used in organic
solar cells since 1980s but the PCE of PDI-based OPV devices is remained lower [1-6].
Eventhough some of the PDI-derivatives are extremely photostable, absorb efficiently in the
visible spectrum and exhibit high electron mobility (10— 10 cm?Vs) [7-11]. One of the
main physical properties of PDIs is to form columnar structures via n—x stacking of the PDI
disks [11, 12]. The UV-Vis and photoluminescence (PL) spectra of the PDI-based
photoactive layers differ strongly from the typical UV—Vis and PL spectrum of the PDI
monomer by exhibiting the typical features of H-aggregate formation [12, 13]. The role of
PDI aggregates in the production of photogenerated charges in OPV devices is still not well
understood. Several reports on PDI-based OPV have emphasized the detrimental effect of
PDI aggregates that could act as charge traps or as stabilization sites that limits charge
photogeneration efficiency [4, 14-16]. However, it is recently demonstrated that short and
partially disordered PDI columnar aggregates in polymeric blends, the dissociation of the
slowly diffusive PDI excimers at the PDI/polymer interfaces can be efficient [17]. In order to
prevent the aggregation of PDI in PDI based photoactive layer lead to the production of novel
PDI dimeric electron-acceptors. The dimers were synthesized by covalently linking two PDI
monomers either in their bay-position or to the imide-position [11, 18, 19]. The dimeric PDI-
structures with electron donating polymer hosts are successfully giving PCEs of 2.8%—4.2%.
However it is not clear whether the formation of PDI aggregates is being suppressed or not.
For instance, the UV—-Vis and PL spectrum of the photoactive layers was found dominated by
the features of the PDI H-aggregate and there is no signature of the PDI monomer could be
detected [20]. It is therefore likely that PDI aggregation takes place also in the efficient
composites of the PDI dimers [21]. Another issue of high importance for the low

performance of PDI based OPVs is the poor photodiode behavior as a result rectification ratio
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of the dark current density—voltage (J-V) curves of these systems is very low [22, 23].
Considering also that the low fill factor (FF) parameter of the PDI-based OPV devices
suggest that the power conversion efficiency (PCE) of the PDI-based organic solar cells is
limited by inefficient charge extraction.

In solid state OPV composite systems, the exact correlation of npc and charge transport
properties with the process of PDI aggregation is usually hard to achieve, due to the
concomitant structural changes of the polymeric matrix. It is imperative to elucidate the
factors that limit the device performance of the PDI-based OPV systems. The elucidation of
the parameters that can affect the increase of PCE in OPV devices using PDI electron
acceptors will provide meaningful guidelines for the fabrication of next-generation PDI based

OPV devices.

In this chapter the process of PDI aggregation in OPV polymeric composites, and the
evidence for the positive role of PDI aggregate formation in the npc of the corresponding
OPV devices is carefully addressed. At present a model OPV composite that consists of a
PDI derivative mixed with the amorphous polymeric matrix of PIF is used [24]. The
amorphous character of PIF simplifies the control of PDI aggregation in the PIF:PDI bulk
heterojunction [25]. Previous studies on the thermal properties of PIF derivatives have found
that no phase transitions take place at high thermal annealing temperature as 247 °C [26, 27].
Photoactive layers of the PIF:PDI composite are thermally annealed between 60 °C - 220 °C
and the evolution of the PDI aggregates is monitored by fluorescent optical microscopy
(FOM), atomic force microscopy (AFM), scanning electron microscopy (SEM) imaging and
resonance Raman spectroscopy. In the last part of chapter the influence of the electron-
collecting electrode (ECE) that is used in the PIF:PDI OPVs on the FF parameter of the

PIF:PDI devices is addressed.
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3.2 Results

The chemical structures of the materials used in this study are shown in chapter 2. Two
different derivatives of the polymeric PIF matrix are used; an alkylated (PIF-Octyl) and an
arylated (PIF-Aryl) derivative. In the absence of conjugation between the pendant groups and
the main polymer backbone of the PIF derivatives, no differences are expected in the energy
level of PIF-Aryl and PIF-Octyl. The subtle differences in the solid state packing of PIF-Aryl
and PIF-Octyl matrices are not expected to alter significantly the energy levels frontier
orbitals [25]. The energetic alignment of the PIF and PDI components favors both the
dissociation of PDI excimers and PIF excitons [17] at the PIF/PDI heterojunction as shown in

Figure 3.1.
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Figure 3.1. The energetic alignment of the frontier orbitals of PIF and PDI in respect to the work
function of the PEDOT:PSS and aluminum (Al) electrodes.

3.2.1 UV-Vis spectroscopy

Figure 3.2 presents the normalized absorption spectra of the as-spun and thermally annealed
PIF-Aryl:PDI 60 wt% films. The particular concentration of the PDI is selected based on

previous optimized composition of PDI derivative mixed in fluorine copolymer matrices [3].
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The films are thermally annealed between 60 °C - 220 °C in a N; filled glovebox. The
absorption spectrum of the PIF-Aryl:PDI 60 wt% films covers the spectral range between 350
nm - 650 nm which is a superposition of the absorption spectra of PIF-Aryl and PDI. The
absorption spectrum of PIF-Aryl component peaks around 424 nm whereas the PDI
component absorbs in between 460 nm - 530 nm. At high annealing temperatures a spectral
broadening is observed in the region where PIF-Aryl absorbs the light (see in Figure 3.2),
which suggests increased PIF intermolecular interaction due to chain re-organization.
Thermal annealing of the PIF-Aryl:PDI films results in the gradual increase of the absorption

intensity around 590 nm, a spectral region where the PDI aggregate absorbs the light [3].
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Figure 3.2. Normalized UV-Vis spectra of PIF-Aryl:PDI 60 wt% blend films as spun and annealed at
60 °C, 100 °C, 140 °C, 180 °C, 200 °C and 220 °C. Black arrow indicates the increase in absorption
intensity at 590nm with the increase in annealing temperature.

3.2.2 Raman characterization

In order to confirm the process of PDI aggregation in the PIF:PDI blend films resonance
Raman spectroscopy measurements on a set of PIF-Aryl:PDI films and on the corresponding
solar cell devices is performed. Reference films of poly(styerene) (PS):PDI are similarly
characterized for disentangling the possible contribution of the PIF-Aryl in the Raman

spectrum as shown in Appendix A. Density Functional Theory (DFT) calculations are also
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performed for single molecule of PDI in order to identify the Raman modes that can be
influenced by varying the strength of intermolecular interactions as shown in Figure 3.3a.
DFT calculations resemble to the out-of resonance spectra, e.g. the Fourier-Transform (FT)-
Raman based spectra of our samples when excited at 1064 nm. The DFT results are however
still useful in the interpretation of the resonance Raman spectra by the assignment of the

observed Raman active peaks to the Raman active modes [28, 29].

Figure 3.3b & c shows the annealing dependent Raman spectra of the PIF-Aryl:PDI films
and devices. As Figure 3.3b shows, a good agreement of our data with the PDI resonant
Raman spectra published in the literature [29-38]. The Raman spectra of the PIF-Aryl:PDI
thin films (Figure 3.3b) and micro-Raman spectrum of PIF:PDI solar cell devices (Figure
3.3c) exhibit several Raman modes with frequencies of 1300cm™, 1368cm™, 1383cm™,
1458cm™, 1575cm™, 1586cm™, and 1604cm™. Based on the collected Raman spectra and
with the aid of the DFT calculations the Raman active bands are assigned, as reported in
Table 3.1. Figure 3.4a presents the main vibrational modes at 1300 and 1604 cm™. Thermal
annealing of the PIF-Aryl:PDI photoactive layer is found to have an appreciable effect in the
Raman peaks centered at 1604 cm™ in bothth case thin films and OPV devices. The 1604 cm™
Raman active normal mode, as reported in Figure 3.4 and Table 3.1, corresponds to the in-
plane C=C/C-C stretching/shrinking of the perylene aromatic ring core coupled to the C=0
antisymmetric stretching [39-41]. Aggregation phenomena sensitive to the carbon core, like
PDI-PDI n-nt stacking, bring to a change in the intensity of this peak, as observed in the
recorded Raman spectra upon thermal annealing. Considering the 1300 cm™ peak as an
internal reference as its Raman intensity and frequency do not change upon aggregation
phenomena, the 1604 cm™/1300 cm™ Raman intensity ratio as an effective marker to monitor
aggregation phenomena of PDI-based composite films is utilized. The modes with high

intensities in the resonance Raman spectra are the fully symmetric A4 type vibrations. Thus,
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the weakness of the1604 cm™ mode in the spectra of the as-spun samples can be justified by
its B1g type. However n-n stacking of PDI may change the molecular polarizability tensor or
lower the crystal symmetry transforming the 1604 cm™ mode to A, type; either factor can be
responsible for the increased intensity of the 1604 cm™ mode in the resonant Raman spectra

of the annealed films/solar cell devices [38].
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Figure 3.3. a) Shows the Raman active normal modes of PDI as calculated by density functional
theory (B3LYP/6-311G*). Normalized resonance Raman spectra of as-spun and thermally annealed
b) PIF-Aryl:PDI blend films and c) organic solar cell devices.
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Table 3.1. Assignment of the observed Raman frequencies to the calculated normal Raman modes as
deduced by the density functional theory calculations (B3LYP/6-311G*).

wavenumber Mode assignment _Sensitive to
(cm™) intermolecular
Interactions
1604 C=0 antisymmetric stretching + C=C/C-C stretsching and shrinking Yes
1586 internal perylene core C=C/C-C stretching coupled with CH wagging No
1575 C=C/C-C stretching of the perylene coupled with CH wagging No
1458 CH wagging on the pendant alkyl chains No
1383 CH out of plane bending of the pendant chain Yes
1369 CH in plane bending No
1300 C-C stretching of perylene and CH in plane bending. Yes
1290 Twisting on pendant chain Yes

Interestingly the increase seen in the ratio of the intensities at1604 cm™ and 1300 cm™ Raman
active normal mode is followed by an increase in the intensity of the PDI excimer
luminescence that is simultaneously recorded during the Raman characterization of the

PIF:PDI systems as shown in Figure 3.4b.
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Figure 3.4. a) The calculated Raman active modes of the PDI monomer that are sensitive (1604 cm™)
and insensitive (1300 cm™) to the m-m stacking intermolecular interactions between adjacent PDI
molecules, b) the dependence of the excimer PDI luminescence intensity increase (open squares) and
the 1604 cm™/1300 cm™ Raman intensity ratio (open circles) on the thermal annealing temperature of
PIF-Aryl:PDI photoactive layers of complete OPV devices.
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3.2.3 Imaging characterization of blend morphology

The absorption and Raman characterization of the PIF:PDI 60 wt% blend films confirm the
presence of PDI aggregates in thermally annealed films. Now, a set of imaging
characterization experiments with increasing resolution in order to visualize the PDI

aggregates is performed.

3.2.3.1 Fluorescence microscopy imaging

Figure 3.5 presents a set of FOM images for thermally annealed PIF-Ary:PDI 60 wt% blend
films. The films are illuminated with light in the wavelength range of 480 nm —550nm that is
selected by the use of an appropriate filter. Except as-spun film, all annealed PIFAryl:PDI
films exhibit a luminescence signal that indicates the formation of domains that exhibit
unquenched luminescence after the absorption of the light. The number of domains per unit
area as well as their size varies as the annealing temperature is increased. Thermal annealing
at 100 °C leads to the appearance of ribbon-like elongated features, with a width of 0.0um —
1.45um and a length of 0.65um —5.0um. For higher annealing temperatures the PDI ribbon
width and length become as large as 3.4um and 8.3um, respectively. The fluorescent
domains are assigned to thermally-induced clusters of PDI in the PIF-Aryl matrix that absorb
the incoming light and exhibit unquenched PDI luminescence because PIF-Aryl has almost

negligible absorption in the region of 480 nm — 550 nm.
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Figure 3.5. Fluorescence optical micrographs of the PIF-Aryl:PDI 60 wt% blend films in their as-
spun and annealed states for annealing temperatures 60 °C, 100 °C, 140 °C, 180 °C and 220 °C. All
samples are on quartz substrates and the thermally annealed for 30 min.

3.2.3.2. Atomic force microscopy imaging

For a deeper insight at lower length scales on the aggregation properties of PDI in the PIF-
Aryl:PDI matrix, a set of AFM imaging measurements for the as-spun and the annealed PIF-
Aryl:PDI 60 wt% films on quartz substrates is performed as shoen in Figure 3.6. In
comparison to the FOM imaging, the higher resolving power of the AFM technique provides
further information into the dimensions of the PDI aggregates. No appearance of domain
formation is found in the as-spun PIF-Aryl:PDI film and thermal annealing at 100 °C leads to
the appearance of ribbon-like elongated features, with a width in range 80 — 140 nm and a
length in range 580 — 820 nm. For 220 °C temperatures the PDI ribbon width and length
become as large as 70 nm and 1780 nm, respectively. In the previous studies on the
morphology of PDI composites have shown that the appearance of the ribbon features is

related with the formation of PDI aggregates [1, 3].
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As -spun

Figure 3.6. Atomic force microscope images of PIF-Aryl:PDI 60 wt% blend films in their as-spun
and annealed states for annealing temperatures 60 °C, 100 °C, 140 °C, 180 °C and 220 °C. All samples
are on quartz substrates, the annealing time is 30 min and the scan length is 5 pm.

Similar to the FOM images, the number of the PDI ribbons per unit area in the AFM images
increases as the thermal annealing temperature is increased. Thermal annealing also modifies
the roughness of the PIF-Aryl:PDI film surface for annealing temperatures higher than 60 °C.
The root mean square (RMS) roughness of the films increase from 1.3nm to 21.2nm with
annealing temperatures from 60 °C to 220 °C whereas the average value for the roughness
increases from 0.96nm to 16.2nm. Table 3.2 summarizes the roughness value of all samples

studied.

Table 3.2. Root mean square (RMS) value of roughness for the PIF: PDI photoactive films annealed
at different temperatures, as determined by the 5 um x 5 um AFM images of Figure 3.6.

Annealing temperature (°C) RMS roughness (nm) Average roughness (nm)
As-spun 11 0.8
60 11 0.9
100 2.6 1.6
140 6.7 4.8
180 14.5 11.3
200 19.7 151
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3.2.3.3 Scanning microscope imaging

In AFM images of PIF-Aryl:PDI 60wt% films the surface morphology and in this section
bulk morphology of the films is unveiled with scanning electron microscopy (SEM). Cross-
sectional SEM (CS-SEM) imaging of PIF-Aryl:PDI devices with as-spun and annealed
photoactive layers is performed in order to study the thermally-induced demixed morphology
in the bulk of the PIF-Aryl:PDI films. Figure 3.7 shows the CS-SEM images of the PIFAryl:
PDI OPV devices with photoactive layers as-spun and annealed at 95 °C, 150 °C, and 220

°C.

| ] 95°C
As spun “ .

Figure 3.7. Cross-sectional scanning electron images of PIF-Aryl:PDI 60 wt% devices with structure
of glass/ITO/PEDOT:PSS/PIF-Aryl:PDI/Al and with photoactive layers in the as-spun and annealed
states, for annealing temperatures 60 °C, 95 °C, 150 °C and 220 °C. All samples are post-annealed for
30 min in a Np-filled glovebox.

It is found that for the device with as-spun PIFAryl:PDI layer the connectivity of the
electron-collecting (Al) and hole-Collecting electrodes (PEDOT:PSS) is enabled by ribbon-
like features of approximately 100 nm long and 50 nm wide. These features are partially
inclined in respect to the normal of the PEDOT:PSS surface. Thermal annealing at around 95

°C results in the drastic re-orientation of the ribbons vertical to the PEDOT:PSS plane. At
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higher annealing temperatures (150 °C and 220 °C) the shape and the density of the PDI
aggregates is modified. Particularly for the device annealed at 220 °C the packing of the

grains is found to be well-optimized.

3.2.4 Time integrated PL and continuous photo-induced absorption spectroscopy

Figure 3.8 presents the time-integrated PL and continuous photo-induced absorption (cw-
PIA) of the asspun and thermally annealed PIF-Aryl:PDI 60 wt% blend films after
photoexcitation at 532 nm, in which the PL signal is corrected for the absorption of the films.
The intensity of the PL spectra for PIF-Aryl:PDI photoactive films is corrected with the
absorption of the films at 532 nm (excitation wavelength) . The PL intensity of the as-spun
PIF-Aryl:PDI film is negligible indicating a complete quenching of the PDI excimeric
emmision. Similarly the PL intensity of the films annealed at 60 °C and 100 °C is vanishing
but at higher annealing temperature more than 100 °C results in the activation of the
characteristic PDI excimer luminescence peaks at 620 nm. The appearance of the PDI
excimer emission intensity at increased thermal annealing temperatures is in full agreement
with the results of the Raman characterization. The enhancement of the PL intensity is
assigned to the inefficient dissociation of the PDI excimers at the PIF/PDI interfaces. The
increase of the 1604 cm™/1300 cm™ Raman intensity ratio supports the formation of PDI
aggregates those are enlarged at higher annealing temperatures. The larger PDI domains
impede the diffusion-limited arrival of the PDI excimers at the PDI/polymer interfaces where
excimer can charge transfer to PIF [17]. Figure 3.8b presents the dependence of the
continuous wave-photoinduced absorption (cw-PIA) signal of the PIF-Aryl:PDI films on the

thermal annealing temperature.
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Figure 3.8. a) PL spectra of PIF-Aryl:PDI 60 wt% blend films, as spun (squares) and annealed at 60
°C, 100 °C, 140 °C, 180 °C, 200 °C and 220 °C. b) Continous-wave photo-induced absorption signal
probing at 970 nm after excitation at 532 nm of PIF-Aryl:PDI 60 wt% films, annealed at different
temperatures.

In these measurements the cw-PIA signal of 970 nm is monitored in order to probe the
evolution of the PIF-Aryl positive polaron concentration with thermal annealing [23]. The
absolute value of the AT/T transmission signal |AT/T|g70 nm Versus the annealing temperature
is shown, after the normalization of |AT/T)|970 nm DY the absorptance value (1 - T)s32 nm Of each
sample at the pump wavelength. Thermal annealing up to 100 °C has no effect on the
|AT/T|970 nm indicating that generation efficiency of the long-lived PIF-Aryl polarons is
insensitive to the structural changes that are caused in the film by thermal treatment. Thermal
annealing at temperatures higher than 100 °C results in the reduction of the |AT/T|s70 nm,

suggesting a poor charge photogeneration or accelerated charge recombination.

3.2.5 Electrical cell characterization

3.2.5.1 Photovoltaic properties

Solar cell devices are fabricated with device structure of ITO/PEDOT:PSS/PIF:PDI/AI in

which the PIF-Aryl:PDI and the PIF-Octyl:PDI blend layers are used as asspun or thermally
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annealed at temperatures between 60 °C - 220 °C. Photocurrent density — voltage (J-V) curve
of the devices are shown in Figure 3.9 and main figures of merit for the PIFAryl:PDI and
PIF-Octyl:PDI OPV devices like short-circuit current density (Jsc), open-circuit voltage
(Voc), FF and PCE are reported in Table 3.3. As expected, the photovoltaic properties of the
PIF-Aryl:PDI and PIF-Octyl:PDI devices is comparable, following to the comparable UV-
Vis absorption profile, energetics and structure of the PIF-Aryl and PIF-Octyl polymeric

matrices [24,25].
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Figure 3.9. J-V curves of a) PIF-Aryl:PDI and b) PIF-Octyl:PDI photoactive layers annealed at
different temperatures. In all cases the PDI content was 60 wt% and the device geometry was

glass/ITO/PEDOT:PSS/PIF:PDI/Al. All devices are characterized under simulated solar light 98
mWem? (AM1.5G).

Thermal annealing up to 100 °C improves PCE of the devices mainly due to the improvement
in the Jsc and FF. In respect to the as-spun devices, the Jsc of the annealed devices at 100 °C
is increased by 30% for the PIF-Aryl:PDI and 47% for the PIF-Octyl:PDI systems. The
positive effect of thermal annealing in the npc of the PIF:PDI devices is clearly seen in the
device EQE spectra. Figure 3.10 presents the effect of thermal annealing in the external
quantum efficiency (EQE) spectra of devices with PIF-Octyl:PDI 60 wt% photoactive layers.
In respect to the device with the as-spun photoactive layer, the device annealed at 100 °C

exhibits higher npc in the wavelength range of 435 nm-590 nm with EQEq.x = 17.5% *
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0.2%. At higher thermal annealing temperatures the npc is reduced and for annealing at 220

°C itis found that EQEnax = 7.5% % 0.8%.
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Figure 3.10. The external quantum efficiency spectra of the PIF-Octyl:PDI 60 wt% devices with as-
spun photoactive layers and with photoactive layers annealed at 100 °C, 150 °C and 200 °C. For all
devices the device structure is glass/ITO/PEDOT:PSS/PIF-Octyl:PDI/AL.

After identifying the optimum thermal annealing temperature for the PIF:PDI 60 wt% OPV
devices the effect of ECE on the device performance is studied. The electrical properties of
PIF-Octyl:PDI 60 wt% devices with Al and Ca/Al ECEs are compared. According to the
ELumo of the PDI component, Al forms a non-ohmic contact whereas the Ca/Al forms an
ohmic contact with the PIF:PDI film [35]. The EQE spectra of the Al- and Ca/Al-based PIF-
Octyl:PDI OPV devices clearly show that the use of the Ca/Al ECE improves the npc of the
device across the whole range of wavelengths where the PIF-Octyl:PDI photoactive layer
absorbs light. Figure 3.11a presents the EQE of the PIF-Octyl:PDI OPV devices with Al and
Ca/Al ECEs annealed at 100 °C. For the Al-based OPV device it is found that EQEmax =
17.5% + 0.2% whereas for the Ca/Al-based OPV device EQEnax = 34.6% + 0.5%. The J-V
characteristics of both types of PIF-Octyl:PDI devices with photoactive layers annealed at
100 °C verify the positive effect of the Ca/Al electrode in the device performance as shown
in Figure 3.11b and Table 3.2 reports the values of the main figures of merit of the PIF-
Octyl:PDI devices.
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Figure 3.11. The effect of the electron-collecting electrode (ECE) on the electrocal properties of the
PIF:PDI solar cells. a) The external quantum efficiency spectra of organic solar cell devices with PIF-
Octyl:PDI photoactive layer annealed at 100 °C when Al and Ca/Al was used as the electron-
collecting electrode. b) J-V characteristics of organic solar cell devices with PIF-Octyl:PDI
photoactive layer annealed at 100 °C when Al and Ca/Al, as received under AM1.5G simulated solar
light illumination (AM1.5G, 0.83 Suns). All devices are with the structure of
glass/ITO/PEDOT:PSS/PIF-Octyl:PDI/ECE and the PDI content was 60 wt%.

The improvement in the device performance with Ca/Al electrode is tremendous. In respect
to the Al-based OPV device, the use of Ca/Al doubles the values of Jsc and the FF whereas
the Voc is also improved. The FF of the Al-based device has a value of FF5 = 21.2 £ 0.6
whereas for Ca/Al-based device FFcya = 44.3 = 0.1. Consequently the best PCE increases
from 0.23% for the Al-based device to 0.91% for the Ca/Al-based device; that is an

improvement of a factor of four by replacing the ECE.

Table 3.3. Device parameters of organic solar cell devices with Al and Ca/Al ECEs and with
photoactive layers of PIF-Aryl:PDI and PIF-Octyl:PDI blend films, in the as-spun and annealed states.
In all cases the PDI content is 60 wt%. For the PIF-Aryl:PDI devices the intensity of the simulated
solar light (AM1.5G) used is 0.92 Suns whereas for the PIF-Octyl:PDI devices the AM1.5G light
intensity is 0.83 Suns.

Thermal annealing <Voe> <FF> <Jse> <PCE> System
temperature (°C) / ECE  (Volts) (%) (MA cm?) (%)

As-spun/Al 0.738 20.81 1.30 0.190 PIF-Aryl:PDI
60/Al 0.757 21.78 1.57 0.260 PIF-Aryl:PDI
100/Al 0.750 22.43 1.69 0.280 PIF-Aryl:PDI
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140/Al 0.643 18.20 0.68 0.078 PIF-Aryl:PDI
180/Al 0.627 17.80 0.26 0.031 PIF-Aryl:PDI
220/Al 0.533 17.35 0.14 0.017 PIF-Aryl:PDI
As-spun/Al 0.830 19.70 0.84 0.170 PIF-Octyl:PDI
100/Al 0.880 21.20 0.95 0.220 PIF-Octyl:PDI
150/Al 0.570 16.70 0.27 0.030 PIF-Octyl:PDI
220/Al 0.520 16.10 0.18 0.017 PIF-Octyl:PDI
As-spun/Ca/Al 0.920 42.30 1.87 0.780 PIF-Octyl:PDI
100/Ca/Al 0.940 44.30 1.92 0.870 PIF-Octyl:PDI

3.2.5.2 Charge transport properties

The controlled, electron and hole only, devices with as-spun and annealed (100 °C) active
layers of PIF-Octyl:PDI 60 wt% blends films are prepared in order to study the charge
transport properties of the PIF:PDI system as a function of the PDI aggregation, when tuned
by thermal annealing. Electron mobility is determined in electron only device with geometry
of glass/ITO/ZnO/PIF-Octyl:PDI/Ca/Al and hole mobility is determined in electron only
device with the geometry of ITO/PEDOT:PSS/PIF-Octyl:PDI/Au. The hole and electron
mobility values are extracted from the recorded dark J-V characteristics of controlled devices
according to the Mott-Gurney equation, by taking into account the Poole—Frenkel effect [17].
Thermal annealing of the devices improves hole mobility increases only by a factor of six
whereas electron mobility by more than three orders of magnitude. The small improvement in
hole mobility after annealing is in line with the observed small changes in the UV-Vis
absorption spectra of the PIF:PDI blend films in the spectral region where PIF absorbs. In
absolute terms hole mobility remains in the order of 10® cm?/V s, verifying the amorphous
nature of the PIF polymer [25]. As a net result, the electron/hole mobility ratio is 0.9 before
thermal annealing but it increases to 52 after annealing at 100 °C. Table 3.4 summarizes the

extracted hole and electron mobility values for the PIF-Octyl:PDI blend system.
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Table 3.4. Electron and hole mobility values for unipolar diodes with as-spun and annealed active
layers of PIF-Octyl:PDI 60 wt% blend films. The electron/hole mobility ratio is also reported.

Thermal annealing Electron mobility Hole mobility Electron/Hole
temperature (°C) (cm?V1ish (cm?V1tsh mobility ratio
As-spun 1.3x10°%+2.8x10°  1.4x10°+ 1.6x10” 09+0.2
100 4.7x10°+9.2x107  8.9x10° + 7.1x10” 52.8+0.2

3.2.5.3 Photoexcitation dependence of the short-circuit current

The intensity dependent Isc is studied for the devices with PIFAryl:PDI 60 wt% photoactive
layers annealed at 100 °C where devices are photoexcitated with monochromatic (532nm)
laser source. Two types of PIF-Aryl:PDI devices are studied with Al and Ca/Al ECEs. For
these cells Figure 3.12 presents the Isc dependence on the photoexcitation intensity lexc that
is found to have the form of Isc o (Iexc)®. The device with the Ca/Al electrode exhibits a
value of a = 0.96 across the whole range of photoexcitation intensities used between 0.02
mWem™ and 105 mWem™. In contrast, the Al-based device exhibits an a = 0.94 only in the
range between 0.02 mWem™ and 0.77 mWem™ whilst in the range between 2.4 mWcem™ and

105mWem? it is found that o.= 0.69 + 0.02.

) o Al
10" 5 O canl

Photocurrent / pA

T T
-1 0

10 10 10 10" 107
Photoexcitation intensity / mwW cm™

2

Figure 3.12. Light intensity dependence of the device photocurrent (steady state photoexcitation at
532 nm) of oganic solar cells with photactive layers of PIF-Aryl:PDI 60 wt% and with electron-
collecting electrode (ECE) contacts of Al and of Ca/Al, annealed at 100 °C. In both cases, the device
geometry is glass/ITO/PEDOT:PSS/PIF-Aryl:PDI/ECE. Solid lines are the fitting lines to the power
law.
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3.3 Discussion

The evolution of the PDI aggregation in the PIF:PDI photoactive layer upon thermal
annealing is confirmed by the FOM and AFM imaging results. All microstructural changes
observed in the PIF:PDI composites can be attributed to the effect of annealing on the
molecular mobility of PDI acceptor because PIF matrix is thermally inert at annealing
temperatures as high as to 220 °C [25]. Clusters of PDI are visually observed by FOM and
their area density increases as the annealing temperature increases. According to the AFM
images, the films annealed at 100 °C exhibit ribbon-like PDI aggregates with size of around
100 nm x 700 nm and for higher annealing temperatures the size of the aggregates becomes
70 nm x 1780 nm. The positive effect of PDI aggregation in the charge transport properties of
the PIF:PDI photoactive layer corroborates the results of the charge transport study. Electron
mobility in the PIF:PDI system is found to be increased by three orders of magnitude,
suggesting that annealing has improved the long-range order of the PDI aggregates and the
electronic coupling of adjacent PDI crystallites in the PIF:PDI layer [17]. The drastic increase
in electron mobility after heat treatment results in an improved npc of the PIF:PDI devices.
This is a direct proof for the positive role of PDI aggregates in the efficiency of PDI-based
OPV devices and for the requirement to form a PDI aggregate network that will serve as the
percolation pathway in the transport of the photogenerated electrons. The observation of
increased OPV device performance even when charge transport is imbalanced has been seen

reported also for the case of high-efficiency PDI-based OPV devices [6, 17, 20].

The thermally-induced enhancement in the strength of PDI intermolecular interactions in the
PIF:PDI films can also be seen in UV-Vis spectra of Figure 3.2. Already in the as-spun state,
the absorption spectrum of the PIF:PDI film is clearly different from the typical absorption
spectrum of the PDI monomer, suggesting the presence of PDI H-aggregates [12, 36]. A

gradual increase is observed in the absorption intensity of the 590 nm peak with thermal
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annealing of the PIF:PDI system, like previously observed in other PDI-based OPV blends
[3]. At this stage it is not well understood whether the absorption feature at 590 nm is a
consequence of the electronic coupling of adjacent PDI monomer in the H-aggregate or it is
the result of a supramolecular electronic coupling between adjacent PDI aggregates in the

well-ordered PDI cluster.

Raman spectroscopy is able to monitor the thermally induced formation of the PDI
aggregates by utilizing an appropriate Raman marker. The Raman data shown in Figure 3.3
for the PIF-Aryl:PDI devices verify that a gradual increase in the intensity of the 1604 cm™
Raman mode as thermal annealing temperature increases. According to DFT calculations,
this mode corresponds to the C=C/C-C stretching or shrinking of the perylene carbon core
coupled to the C=0 antisymmetric stretching [39-41] that is prone to intermolecular
interactions between the disk-shaped PDI monomers. The increase of the relative 1604 cm™
Raman intensity upon thermal annealing follows the increase of the PDI PL emission
intensity of the PDI excimer in the PIF:PDI films confirming that when large PDI aggregates
are formed, the dissociation efficiency of the PDI excimers at the PDI/PIF interfaces is

reduced [17].

The effect of thermal annealing on the morphology of the PIF:PDI composite is clearly seen
in the CS-SEM images of the PIF:PDI devices annealed at different temperatures. CS-SEM
images are providing the direct link between the improvement in the charge transport
properties of the PIF:PDI model system and the presence of suitably oriented PDI aggregates
in the photoactive layer. In the case of the PIF-Aryl:PDI layer annealed at 95 °C, the CS-
SEM image finds the presence of rod-shaped features that are oriented vertically in respect to
the ITO/PEDOT:PSS electrode. Interestingly, this microstructural motif ensures an effective
connectivity of the rod-shaped PDI aggregates as confirmed by the highly improved npc of
the PIF:PDI system after annealing close to 100 °C. At this thermal annealing temperature
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range the PCE and the FF values of the PIF:PDI devices are doubled in respect to the as-spun
PIF:PDI devices. The increase in the photocurrent generation takes place despite the apparent
absence of a vertically oriented bi-continuous network of the PIF and PDI phases that could
connect the device contacts. This suggests that alternative structural motifs, different in
respect to the ideally envisaged vertically oriented interpenetrating network, can be pursed
when PDIs are used as n-type components in OPV devices for ensuring efficient charge
transport and extraction in PDI-based organic solar cells. Moreover it points out that in as-
spun layers the long PDI aggregates may serve as shunt path ways between the top and
bottom electrodes that can limit device efficiency. The npc can be described as Equation 1

shows:

Npec = NED X Ncs X Nct X T]q) ........................ (1)

where ngp, Ncs, Ner, and ng, correspond to the efficiency of PDI excimer dissociation at the
PDI/PIF interface, the electron—hole pair separation, the charge transport of the free carriers
towards the device electrodes, and the extraction of the free carriers at the device electrodes,
respectively. In Equation 1 we assume that majority of the PDI excitons in the PIF:PDI layers
are converted to PDI excimers. This is very likely given that no luminescence features could
be detected near 490 nm where the PDI exciton emits. In a recent structure—property
relationship study of PDI-based OPV composites it is shown that the formation of PDI dimers
and columnar PDI aggregates is followed by the photophysical behavior that is seen also in
the PIF:PDI system [17]. PL quenching of the PDI emission in PIF:PDI blend films confirms

thatn;, is insensitive to thermal annealing up to 100 °C. Similarly the cw-PIA

characterization of the PIF-Aryl:PDI films finds that the concentration of the long lived PIF
polarons depends weakly on thermal annealing up t0100 °C; that is, n¢s, iS maximized and

constant in the annealing temperature range between as-spun and100 °C. In contrast, electron
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mobility increases by three orders of magnitude after thermal annealing at 100 °C,
confirming that n¢r factor dictates the npc, magnitude. Concerning the dependence of ng, on

thermal annealing, we cannot verify at present whether there is an effect. Nonetheless, we
expect that the increase in ner, dominates any increase in ng, after thermal annealing. The
interface quality between the PDI composite and the ECE is expected to depend stronger on
the nature of the ECE. The study of PIF:PDI devices prepared with different ECEs highlights
further the significant contribution of the nature of the ECE in the PCE of PDI-based OPV
cells. The PCE of the device increases by four times when Al is replaced by Ca/Al (shown in
Table 3.3).Considering the performance of other PDI-based composites for OPV applications
[4] the highest PCE obtained for the herein studied PIF:PDI system is 0.91%; that is a rather
impressive result, given that a blue/near UV absorber is used as the polymeric donor in the
model PIF:PDI blend. The replacement of Al by Ca/Al has no impact on the values of ngp,
Ncs, Ner of Eq. (1). Therefore only n, is affected, most likely due to the replacement of a non
ohmic -contact-forming electrode (Al) by an electrode (Ca/Al) that forms ohmic contact with
the PDI composite. The dark J-V curves of the PIF:PDI devices with Al and Ca/Al electrodes
(see Appendix A ) confirm that only Ca/Al forms ohmic contact with the PIF:PDI
photoactive layer. The replacement of Al by Ca/Al results in the doubling of the FF
parameter of the PIF:PDI OPV devices. In the light of the present results we can exclude the
buildup of space charge as the origin of the limited performance of the Al based PIF:PDI
devices [38]. The Isc dependence of this type of devices on the photoexcitation light intensity
(Figure 3.12) exhibits an exponent, a = 0.69 + 0.02 [38, 39]. However, this is not the case for
the Ca/Al based OPV device for which a linear dependence of Isc on light intensity is found
(o =0.96). On the basis of these observations for the Al-based PIF:PDI device, the sub-linear
dependence of Isc on light intensity and the low FF value are attributed to a large series

resistance due to the Al electrode [40]. It is well known that PDI is prone to chemical
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reactions with Al electrodes [41]. At this stage we cannot evaluate the product of the PDI/AI
reaction but such an interaction could result in the increase of series resistance and to the
inefficient charge extraction. As an overall result the device performance of the PIF:PDI

model system is mainly dictated by the choice of the ECE [42].

3.4 Conclusion

In conclusion, a systematic study for the process of PDI aggregation in photovoltaic layers of
the model bulk heterojunction PIF:PDI is discussed. The size of the PDI aggregates in the
PIF:PDI layers is tuned by thermal annealing. The evolution of the PDI aggregates is
visualized by FOM, AFM and SEM imaging. In combination with in situ Raman
investigation on the PIF:PDI system, Raman is an appropriate diagnostic tool that can
monitor the formation of PDI aggregates in PDI-based blend films as well as in OPV cells.
The quenching of the PDI excimer luminescence and the generation of long lived charges are
maximized and stabilized after annealing up to 100 °C. Overall, PDI aggregation is found to
playing a key-role in the charge transport properties of the OPV layer and consequently in the
PCE of PDI-based OPVs. The accurate tuning of the PDI-aggregate length in the photoactive
layer can maximize the transport of the photogenerated electrons. The improved device
efficiency is dictated to the efficiency of the electronic coupling between adjacent PDI
aggregates and by the proper orientation of the PDI aggregates in respect to the charge
carrier-collecting electrodes of the device. For the herein studied PIF:PDI system the fine
tuning of the PDI aggregate formation and the selection of a proper ECE lead to the doubling

of the Jsc and the FF parameters of the investigated devices.
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Chapter 4

Role of Interfaces/Vertical
phase Separation

A structure—function relationship in the organic photovoltaic (OPV) blend film of N,N"-
bis(1-ethylpropyl)-perylene-3,4,9,10-tetracarboxylic diimide (PDI) acceptor and
polymer donors is discussed. The hierarchical organization in the photoactive layers
and in extruded fibers of polymer:PDI is studied with X-ray photoelectron spectroscopy
(XPS) and wide angle X-ray scattering (WAXS). Structural order dictates the strength
of electronic coupling between adjacent PDI molecules and the efficient electron
transport. The strongest electronic coupling among adjacent PDI monomers occurs
when the direct m-m stacking configuration is the dominant type of PDI intermolecular
interactions. For the four different model PDI-based OPV systems, the performance of
the conventional device structure with the hole-collecting ITO/PEDOT:PSS bottom
electrode is compared with that of the inverted device structure with bottom electrodes
of ITO/ZnO.

“Imagination is more important than knowledge. Knowledge is limited.
Imagination encircles the world.”

- Albert Einstein
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4.1 Introduction

The morphology of PDI based bulk hetrojunction (BHJ) is an important factor that affects the
OPV performance. In fullerene based blend systems the effect of fullerene aggregation and
crystallization is well understood. However, this knowledge cannot be extended to the case of
blends of polymers with PDI acceptors. In comparison to fullerenes, PDIs have a very strong
tendency to form columnar shape aggregate via n-n stacking in the solid state. In Chapter 3
aggregates of the PDIs can be visualize in the topographical images and in the scanning
electron microscope (SEM) images of poly(indenofluorene) (PIF):PDI blend film. Inside the
PDI aggregates excitonic coupling effects are very strong and following light absorption, PDI
excitons convert instantly to intermolecular states that exhibit an excimer-like emission [1-3].
Based on the excimer diffusion length and on the lifetime of the PDI excimer luminescence,
the diffusion coefficient of the excimer state is found to be very small [4-5]. In efficient PDI-
based OPVs the slowly diffusive PDI excimers must first dissociate at the polymer/PDI
interfaces. This can be achieved by fabricating photoactive layers where the PDI columnar
stacks have an intra-columnar length which is comparable to the PDI excimer diffusion
length [6]. The excimer dissociation will be more efficient if the polymer:PDI blend films
have a lower excimer stabilization energy (Eswp.), that is, the difference between the energy of
PDI exciton in dilute solutions and energy of the PDI excimer in the film. Moreover, by
introducing a small amount of disorder in the PDI phase, the electronic coupling of adjacent
PDI aggregates is favored for an efficient transport of photogenerated electron towards the
device electrodes [7-9]. In addition, the charge extraction efficiency, and consequently the
PCE of the polymer:PDI based OPVs strongly depend on the type of charge collecting
electrode used in the devices. For instance, it was suggested that the use of Al as the top
electron-collecting (EC) electrode must be avoided due to the reactivity of Al with PDI

component that results in the formation of an electron-blocking layer [10]. For what the
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conventional OPV device geometries is concerned, poly (styrene sulfonate)-doped
polyethylene dioxythiophene (PEDOT:PSS) is typically used as the bottom hole-collecting
(HC) bottom electrode and Al or Ca/Al as a top EC electrode. In inverted OPV (i-OPV)
device structures the bottom device electrode functions as the EC electrode and it is typically
made of a solution processable metal oxide such as ZnO [11]. For the poly[4,8-bissubstituted-
benzo[1,2-b:4,5-b"ldithiophene-2,6-diyl-alt-4-substituted-thieno[3,4-b]thiophene-2,6-diyl]

(PBDTTT):PDI blend system it was found that the i-OPV device structure delivers a PCE
improved by 30% with respect to conventional structure [6]. More recently it was shown that
photoactive layers of a PBDTTT:BisPDI photoactive blend featuring a PDI baylinked dimer,
can deliver a PCE as high as 4.3% in i-OPV devices bearing ZnO as the EC electrode [12]. At
this stage it is not entirely clear why inversion of the device polarity of PDI/polymer OPV
systems significantly affects the performance of solar cell devices. More importantly, it is not
yet understood whether the positive effect of inverting the device geometry is system-specific
or universal. Possible reasons are i) a favourable vertical phase separation of the blend
components, resulting in the segregation of the n-type (p-type) component closer to the EC
(HC) electrode and/or ii) optimized electronic coupling between the PDI component and the

EC electrode, leading to a better charge extraction.

In this work experimental techniques are applied to study a series of four model polymer:PDI
OPV blends for identifying the combinatory effect of structural motifs and electrical response
on the overall device efficiency. Here, we are also explaining why i-OPV devices of PDI-
based polymeric blends perform better than conventional one, which is opening new

pathways for the fabrication of efficient PDI based OPV devices.
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4.2 Results and discussion

The chemical structure of the materials used in this study are shown in Chapter 2 and the
energetic alignment of the HOMO and LUMO of the four polymer:PDI blend systems as
shown in Figure 4.1. In all blend systems the PDI derivative N,N'-bis(1-ethylpropyl)-
perylene-3,4,9,10-tetracarboxylic diimide is used for preparing blend films with the polymers
poly[9, 9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-diphenylamine] (TFB), poly(9,9’-
dioctylfluorene-co-benzothiadiazole) (F8BT), poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-

(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) and PBDTTT.
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Figure 4.1. The energetic offsets of the polymer/PDI heterojunctions for the systems of TFB:PDI [2] ,
F8BT:PDI [2] , PCDTBT:PDI [13] and PBDTTT:PDI [6].

In the results we are mainly focusing on the impact of structural order within the nanophases
on the photocurrent generation and charge transport properties in PDI-based OPV devices is
discussed. Next, in order to resolve the effect of inverting device polarity on the device
performance, two different device geometries for each polymer:PDI system is studied. A
comparison is performed between the electrical properties of devices with the conventional
structure of glass/ITO/PEDOT:PSS/polymer:PDI/Ca/ and of devices with the inverted

structure of glass/ITO/ZnO/polymer:PDI/V,05/Ag.
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Figure 4.2 presents the external quantum efficiency (EQE) and the current density-voltage
(J-V) characteristics of the four systems OPV devices whereas Table 4.1 reports the main
device metrics, namely the fill factor (FF), the open-circuit voltage (V,c), the short-circuit
current (Jsc) and the PCE of each device system. OPV devices are prepared based on the
conventional structure and inverted structure device geometries. One main observation can be
made in these data is that for all polymer:PDI photoactive layers, the performance of inverted

device structure surpasses that of conventional device structure (see Table 4.1).
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Figure 4.2. External quantum efficiency spectra of conventional structure (open squares) and inverted
structure (open circles) devices of a) TFB:PDI, b) F8BT:PDI, ¢) PCDTBT:PDI and d) PBDTTT:PDI.
J-V characteristics of conventional structure (filled squares) and inverted structure (filled circles)
devices of e) TFB:PDI, f) F8BT:PDI, g) PCDTBT:PDI and h) PBDTTT:PDI.

Table 4.1. The main device metrics of the polymer:PDI organic photovoltaic devices.
Device metric TFB:PDI F8BT:PDI PCDTBT:PDI PBDTTT:PDI

Conventional device structure

Voc (Volts) 0.73+0.02 0.74 +0.01 0.70 £ 0.02 0.51+0.01

FF (%) 26.4 0.9 27.8+0.8 29.5+0.1 35.4+0.2
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Jsc (MA cm ?) 0.44 +0.02 0.58 +0.02 1.03 +0.02 2.3+0.01
PCE (%) 0.14 +0.01 0.15 +0.01 0.25 +0.01 0.50 +0.01
PCE max (%) 0.15 0.16 0.26 0.51

Inverted device structure

Voc (Volts) 0.83+0.01 0.85 + 0.04 0.75 + 0.02 0.57 +0.02
FF (%) 31.9+16 30.04 +0.1 327+04 36.7+0.2
Jsc (MA cm ?) 0.68 % 0.02 1.33+0.31 1.80+0.11 3.35+0.08
PCE (%) 0.21+0.01 0.41+0.02 0.56 +0.01 1.00 +0.08
PCE ax (%) 0.22 0.43 0.57 1.10

Device performance of the polymer:PDI OPV devices is improved as the energy band gap of
the polymer is decreased. Instead of studying the structural properties for all polymer:PDI
blends a detail study for the efficient PBDTTT:PDI blend film has discussed [6]. A relation
has been established in between local (columnar) and global (aggregate) structural properties
within the nanophases, electrical properties and OPV device performance. By using wide
angle X-ray scattering (WAXS) we concluded that intermolecular coupling of adjacent PDI
monomers takes place via several n-n stacking intermolecular arrangements, other than the
direct face-to-face m-n stacking of PDI monomers. The dominant configuration of the m-n
stacking arrangement between adjacent PDI disks is expected to influence the strength of the
PDI electronic coupling. The Egp. of the PDI excimers must be as low as possible so that the
difference between exciton and excimer binding energy is minimal. Low excimer
stabilization energy is plausible for PDI aggregates that exhibit weak intermolecular coupling
between their PDI monomers. Some disorder within the PDI columns is necessary for the
efficient electronic coupling of adjacent PDI columns that facilitates intercolumnar electron
transport and provides the percolation path for the electrons to the device contacts. The size

of the PDI domain will dictate the dissociation efficiency of the PDI excimer. The diffusion
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length of the PDI excimer is 10 + 5 nm [14], that is, comparable to the intracolumnar
correlation length (14 £ 0.5nm). This confirms that PDI excimer can diffuse toward the
PDI/polymer interface and contribute to the generation of photocurrent. According to the
reported results local disorder on the effective electronic coupling of electron-transporting
domains and on the efficient macroscopic charge transport properties of organic
semiconductors is required [7, 15, 16]. These results confirm that some amount of local
disorder in the PDI crystallites is necessary for achieving efficient electronic coupling
between adjacent PDI domains and for increasing the macroscopic electron transport in the

pathways that are defined by the trajectories that connect the device electrodes.

In order to discuss improved device performance for the inverted OPV as compared to
conventional structured OPV we have performed contact angle and XPS measurements for
the polymer:PDI blends. The contact angle measurements on PEDOT:PSS and ZnO layers
deposited on glass/ITO substrates is carried out in an identical fashion, as in the case of the
device fabrication protocol (shown in Appendix B). We found that the PEDOT:PSS layer is
more hydrophilic as compare to the ZnO layer, exhibiting a contact angle of 15° + 2°, much
lower than the contact angle of 34°+ 2° for ZnO. According to our interpretation the
hydrophilic PDI component should stay closer to the PEDOT:PSS/polymer:PDI interface
than to the ZnO/polymer:PDI interface. In Chapter 5 the use of a thin polymeric interlayer
results in the efficient dispersion of the PDI component in the bulk of PDI-based polymeric
OPV blends by suppressing the PDI enrichment at the PEDOT:PSS/blend interface. A similar

effect is expected here to take place when a ZnO layer is used in the inverted structure device.

To closely follow the possible segregation of the PDI component close to the PEDOT:PSS
electrode a series of XPS measurements are performed on the four as-spun polymer:PDI
blend films deposited on glass/ITO/PEDOT:PSS substrates. We collected the photoemission
spectra at grazing electron emission, resulting in a probed depth of about 5 nm. Figure 4.3
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shows the retrieved PDI concentrations for the polymer:PDI surface (top interface), and for
the interface with the substrate (bottom interface), which is accessed by mechanically lifting
the polymer:PDI film from the PEDOT:PSS layer. These results clearly show that the PDI
concentration at the bottom interface is always considerably larger than the concentration at
the top one. Moreover, in the light of the XPS findings the inferior performance of device
conventional structure is clearly attributed to the general tendency of the PDI component to

accumulate closer to the hydrophilic surface of the PEDOT:PSS HC electrode [17].

100 - Top interface
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Figure 4.3. PDI concentration at the top (black-shaded columns) and bottom (red-shaded columns)
interfaces of the polymer:PDI layers, estimated from XPS. The quantification error is about 10 % of
the reported values.

4.3 Conclusion

In conclusion, a combinatory study for elucidating the key structural factors that control the
performance of PDI-based OPV devices has been performed. For a series of four different
PDI-based OPV material combinations the effect of structural order on the main parameters
that influence the performance of the corresponding PDI-based OPV devices is addressed.
The efficiency of photocurrent generation depends on the size of PDI domains that
concomitantly affects the transport of electrons to the EC electrode. The presence of
disordered PDI aggregates is essential both for the efficient dissociation of the PDI excimers

at the PDI/polymer interface and for the optimum charge transport properties of the OPV
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layer. Finally, we have carefully addressed the dependence of the npc on the type of electrode
on which the polymer:PDI photoactive layer is deposited. It is confirmed that the PDI
component has a strong affinity to the hydrophilic PEDOT:PSS hole-collecting electrode.
Concurrently, the resulting vertical phase separation profile for polymer:PDI photoactive
layers is impeding the efficient charge carrier extraction in the corresponding PEDOT:PSS
based devices. The detrimental effect of this unfavorable vertical phase separation can be
rectified when inverted devices are fabricated in which the photoactive layer of polymer:PDI
blend film is deposited on an electron collecting ZnO layer. The ZnO interlayer is less
hydrophilic than PEDOT:PSS and allows for the homogeneous dispersion of the polymer and
PDI components across the bulk of the polymer:PDI blend films. These findings contribute to
the understanding of the effect of the structural motifs in PDI-based photoactive layers on

solar cell device performance.
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Polymeric Interlayer for the Perylene
Diimide based Solar Cell

In this Chapter the power conversion efficiency (PCE) of the perylene diimide (PDI) based
OPV device is improved by inserting a solution-processed interlayer. A 57% increase in the
PCE after the introduction of a thin poly [9, 9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-
diphenylamine] (TFB) interlayer between the hole-collecting electrode and the photoactive
layer of the device is demonstrated for the poly(indenofluorene)-aryl-octyl (PIF-Ary)l:PDI
solar cells. The TFB interlayer positively modifies the morphology of the photoactive PIF-
Aryl:PDI layert by promoting the PDI component towards the electron-collecting contact
thus increasing the short-circuit current (ls;) of the device. Scanning electron microscopy
imaging and contact angle measurements confirm that after the insertion of the TFB
interlayer the observed increase in I is a result of the PDI component redistribution close to
the interface with the electron-collecting electrode. Time-integrated photoluminescence and
transient absorption measurements exclude the possibility that the improved I, can be
attributed to optimized dissociation yield of PDI excited states and charge transport in the
bilayer. Therefore in the presence of the interlayer charge extraction is improved at the
interface between the photoactive layer and the electron-collecting device contact. The
processes of energy/charge transfer (CT) of the TFB excitons to/with the PIF-Aryl:PDI top-

layer are also addressed.

“The more original a discovery, the more obvious it seems afterwards. ”

- Arthur Koestler
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5.1. Introduction

The power conversion efficiencies (PCE) of the organic photovoltaic (OPV) devices has
progressed significantly and have been reported in the order of 10% thus making organic solar
cells attractive for commercial applications [1-4]. The rapid improvement in the PCE of the
OPV devices has been achieved mainly with new electron donating polymers, mixed with
fullerene based electron acceptors [5-7]. In parallel a good progress has been achieved also in
understanding the role of photoactive layer morphology in the photocurrent generation and
charge extraction efficiencies [8-12]. Several reports have reported that an efficient photo-
induced CT reaction between the donor/acceptor pair in a photoactive layer does not
necessarily guarantee a high short-circuit (Isc) current in the OPV device [13]. The
distribution of the donor and the acceptor components across the photoactive layer must be
such that the extraction of the photogenerated carriers at the corresponding carrier-collecting
electrode remains unhampered and a high fill factor (FF) value of the OPV device is
delivered. The optimization of the phase separated components in the photoactive layer across
the device contacts can also reduce the dark current (l4) of the devices. The reduction of I4 in
an OPV device can lead to improved device open-circuit voltage (Voc) [14], [15]. The issues
of poor photocurrent generation efficiency and charge extraction become more important for
the case of organic solar cells that are based on non-fullerene electron acceptors [16], [17].
Despite the growth of interest in the development of non-fullerene containing power
generating devices, this type of device platforms still suffers from low power conversion

efficiencies.

In this chapter we show how the insertion of a solution-processed interlayer [18], [19] in a
PDI based OPV device can contribute to the improvement in the morphology of the

photoactive layer and in the photocurrent generation efficiency of the device. Previous reports
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on the effect of inserting interfacial layers in fullerene-containing OPV device structures [20],
[21] have shown the beneficial effect of those interlayers in the overall device efficiency.
Some types of interlayers improve charge extraction at the interlayer/photoactive layer
interface [14], [22], [23]. Other types serve as an optical spacer for improving the absorption
of the incoming light without increasing the thickness of the photoactive layer [24].
Interlayers were also used for selectively tuning the work function of the electrode on which
they are deposited [25], [26]. At present our attention focus on the effects of an interlayer on
the film morphology a PDI based OPV composite layer and based on spectroscopic studies
we evaluate the impact of the active layer morphology modification on the process of exciton
dissociation and charge generation. Recent studies it was proposed that the use of interlayers
in OPV can cause CT reactions between the photoactive layer and interlayer components that

lead to improved photocurrent generation efficiencies [27, 28].

In this work OPV devices with photoactive layers consisting of the electron donor
poly(indenofluorene)-aryl-octyl (PIF-Aryl) and the electron acceptor PDI is studied. PDI
derivatives have been used as electron acceptors in photocurrent generation devices but no
control has been yet achieved in the degree at which PDI aggregates for beneficially
influencing the process of charge transport without leading to charge recombination and
charge trapping in large PDI domains [29], [30]. Within this context the use of an interlayer
for gaining control over the tendency of PDI to aggregate seems to be an appropriate
methodology for the development of optimized PDI-based OPV composites. A solution
processable [9, 9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-diphenylamine] (TFB) interlayer
has utilized in improving the performance of the PIF-Aryl:PDI devices. TFB was previously
utilized for improving the device performance of OLEDs and organic photodetectors [18],

[19], [31], [32]. Also for the case of OPVs the use of a cross-linked TFB interlayer was found
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to improve the device efficiency of fullerene-based OPVs due to a reduction in the device Iy

[14].

On the basis of electrical and spectroscopic characterization the efficiency of CT between the
TFB interlayer and the PIF-Aryl:PDI photoactive layer correlates to the photocurrent
generation efficiency of the corresponding TFB/PIF-Aryl:PDI device. Photoluminescence
spectroscopy, transient absorption spectroscopy, electrical characterization and high
resolution scanning electron micriscopy studies of the PIF-Aryl:PDI and TFB/PIF-Aryl:PDI
systems suggest that the deposition of the TFB interlayer on the hole-collecting device
electrode (bottom contact of PEDOT:PSS) positively modifies the morphology of the PIF-
Aryl:PDI layer. In the presence of TFB the PDI component forms aggregates adjacent to the
electron-collecting device electrode (top contact of Al). The proposed methodology for
inserting the interlayer without the need of cross-linking or vacuum deposition in the device
geometry of OPVs is entirely compatible with high throughput roll-to-roll deposition
techniques [33] such as gravure printing that can extend the fabrication of other types of

bilayer OPV modules on large area and flexible substrates.

5.2. Results

The chemical structures of the materials used in this study are shown in the Chapter 2. The
energetic alignment of the frontier orbitals of the TFB, PIF and PDI components are sketched
with the hole collecting (PEDOT:PSS) and electron collecting (Al) electrode as shown in
Figure 5.1. According to the energetic alignment TFB interlayer is helping to extract the hole
from the photoactive layer and same time also block the migration electrons towards wrong

electrode.

68



Chapter 5

0-4- LAl LA SRR IR
-1 4
] TFB

2_
=it PIF-Aryl
© -3 -
i
E L Al
w  PEDOT:PSS

-5 1 —

_ﬁ -

PDI
iy gu

Figure 5.1. The HOMO and LUMO energy level alignment of the organic materials and
electrode used in this study.

5.2.1. Time-integrated UV-Vis and photoluminescence spectroscopy

Figure 5.2a presents the absorption spectrum of the TFB layer together with the absorption
spectra of the annealed PIF-Aryl:PDI and TFB/PIF-Aryl:PDI films. The absorption peak of

TFB covers the spectral range between 320 nm — 430 nm and centered at 390 nm.
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Figure 5.2. a) Normalized UV-Vis absorption spectra of the TFB blocking layer the annealed PIF-
Aryl:PDI layer and the annealed TFB/PIF-Aryl:PDI bilayer, b) PL spectra of a PS:PDI annealed film
and of a PIF-Aryl:PDI annealed film after photoexcitation at 530 nm. A factor of 10 has been applied
for reducing the PL intensity of the PS:PDI film. All PL spectra are corrected for the absorption of the
films at the wavelength of photoexcitation.
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The UV-Vis spectrum of the TFB/PIF-Aryl:PDI bilayer is a superposition of the absorption
spectrum of the TFB with the absorption spectrum of the PIF-Aryl:PDI blend system. UV-
Vis absorption spectroscopy and AFM imaging have confirmed the existence or durability of
the TFB interlayer on the subsequent spin-coating process as shown in Appendix C. The
dissociation efficiency of the PDI excited states at the PIF-Aryl/PDI interface by comparing
the photoluminescence (PL) intensity of PDI in a PS:PDI reference sample is evaluated.
Figure 5.2b depicts the PDI PL spectra of the PS:PDI and the PIF-Aryl:PDI blend films, both
containing the same PDI content of 60 wt%; based on the spectral integral of the PDI PL in
the spectral region of 565nm — 750nm the PDI PL quenching efficiency to be in the order of
95% is calculated. The high PL quenching efficiency indicates a very efficient dissociation
step of the excited states in PDI. PL quenching efficiency of PDI in the TFB/PIF-Aryl:PDI
bilayer system remained unchanged suggesting that the addition of the TFB layer is not

influencing the excited states of PDI.

In order to clarify whether CT reactions take place at the TFB/PDI interface of the TFB/PIF-
Aryl:PDI bilayer an additional time-integrated PL experiments is performed by directly
photoexciting TFB. Figure 5.2 present the PL spectra of the TFB interlayer alone and
together with the PL spectra of the TFB/PIF-Aryl:PDI system before and after the thermal
annealing at 100 °C. The TFB layer alone exhibits the characteristic TFB emission in the
spectral range of 410 nm — 490 nm along with the typical defect PL band emission that is
common in the class of poly- and oligo(para-phenylene)s [34-37]. The PL quenching of the
TFB emission in the bilayer systems may not be due to a CT reaction of the TFB excitons at
the TFB/PIF-Aryl:PDI interface. Based on the Foerster theory [38] the Foerster distance for
the TFB/PDI system is calculated that is Ro= 4.5 nm; which is 3/4s of the TFB layer nominal
thickness. Therefore, apart from the possibility of a CT reaction with PDI or/and the PIF-Aryl

components, there is a possibility that the TFB excitons can undergo a resonant energy

70



Chapter 5

transfer (RET) step from TFB to PDI. The PL quenching efficiency of the TFB excitons in
the TFB/PIF-Aryl:PDI bilayer is determined to be 86% before the thermal annealing but it
reduces down to 32% after annealing. The significant recovery of the TFB emission is not
followed by a reduction of the PDI emission, which is expected in the case of a RET
mechanism between TFB and PDI. On the otherhand, the PDI spectral integral is found to
increase by a factor of four after the annealing step. We therefore conclude that the process of
RET between the TFB interlayer and the PDI component of the PIF-Aryl:PDI overlayer is
negligible and that TFB excitons are more likely to CT at the TFB/PIF-Aryl:PDI interface

albeit weakly.
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Figure 5.3. PL spectra of a TFB layer, a TFB/PIF-Aryl:PDI layer before thermal annealing and a
TFB/PIF-Aryl:PDI layer after thermal annealing. All layers are deposited on quartz substrates and
photoexcitation is at 390 nm.

5.2.2. External quantum efficiency and photoluminescence quenching efficiency

Figure 5.4a presents the external quantum efficiency (EQE) spectra of devices based on
annealed single PIF-Aryl:PDI layer and TFB/PIF-Aryl:PDI bilayer. The single layer device
exhibits a EQEnax = 22% peaking at 494 nm. For bilayer device, the EQE spectrum of the
bilayer device is improved and a EQEmax = 28% is achieved at 493 nm. Not much

improvement is has been seen in the EQE spectrum of the bilayer in the spectral region of
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350 nm — 390 nm; only a marginal increase of 10% is observed for the EQE of the bilayer

device at 355 nm in comparison with the single layer device.
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Figure 5.4. a) External quantum efficiency spectra of single layer solar cells of PIF-Aryl:PDI and of
bilayer solar cells of TFB/PIF-Aryl:PDI. For all devices glass/ITO/PEDOT:PSS and Al are the hole-
collecting (bottom ) and electron-collecting (top) electrodes, respectively, b) transient absorption
decays of the two systems PIF-Aryl:PDI and TFB/PIF-Aryl:PDI. The solid lines are bi-exponential
fits to the TA data of the single layer (red solid line) and to the bilayer (black solid line).

Table 5.1. Fitting results of the bi-exponential fits applied on the TA data as shown in Figure 5.4b.

System Baseline A (a.u.) T4 (uS) A; (a.u.) T, (uS) adj.Rs
quare

Single Layer PIF- 0.021 + 0.001 0.381+0.005 19.5+04 0.461+0.006 1.7+0.045 0.924
Aryl:PDI

Bilalyer TFB/PIF- 0.078 £ 0.003 0.499£0.005 269+0.8 0.344+0.011 1.36+0.08 0.816
Aryl:PDI

5.2.3. Continuous-wave photo-induced absorption and ps-transient absorption

characterization

In order to explain whether thermal annealing affects the process of charge recombination
and transport in the TFB/PIF-Aryl:PDI bilayer we have measured transient absorption (TA)
in annealed samples of single and bilayer films, after photoexciting the samples at 355 nm
with a repetition rate of 970 Hz. Here we aimed to examine that insertion of the TFB
interlayer can lead to modifications in the morphology of the carrier-transporting domains in
the PIF-Aryl:PDI layer, which would influence charge transport and recombination. For

identifying which spectral region should be monitored for studying the evolution of the
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photogenerated charged species we have first performed continuous-wave photoinduced
absorption (cw-PIA) measurements in a set of different single layer and bilayer samples as
shown in Appendix C. For the case of a bilayer film a PIA band is detected near 980 nm after
photoexcitation at 532 nm where only the PDI component absorbs. Control cw-PIA
experiments on PIF-Aryl and TFB layers, after photoexcitation at 405 nm, and on single
PS:PDI layer, after photoexcitation at 532 nm did not reveal any photo-induced absorption
band in the spectral region of 980 nm. Moreover, in the literature suggests that the PDI anion
exhibits photoinduced absorption bands at 708 nm and 775 nm [39]. Therefore, the TA band
in the region of 980 nm is ascribed to PIF-Aryl cations that are formed in the PIF-Aryl:PDI
composite system after photoexcitation at either wavelengths of 532 nm or 405 nm. Previous
PL quenching reports of similar PDI-based bulk heterojunctions have shown that the direct
photoexcitation of the PDI component leads to the PDI exciton dissociation and PDI-anion
formation [30]. Figure 5.4b presents the TA decay transients of the two systems single and
bilayer in a time window of 100 us together with the biexponential fits. We have chosen to
study the dynamics in the low excitation regime in order to minimize sub-microsecond
bimolecular recombination processes. In this way most of the recombination occurs in the

time window compatible with the temporal resolution provided by our experimental setup.

In Figure 5.4b it can be seen that the addition of the TFB interlayer reduces the apparent
charge photogeneration yield in the nanosecond time scale. This observation is rationalized as
a consequence of the optical filtering effect caused by the TFB interlayer that partially
absorbs the photoexcitation light but does not contribute to charge photogeneration. PL
guenching experiments in the single and bilayer films confirmed that the PL quenching
efficiency of the PDI luminescence is also reduced in the bilayer system when photoexcited
at 390 nm. Based on the fitting results of the TA kinetics that are reported in Table 5.1

suggest that charge recombination can be expressed by short-lived and long-lived charges.
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In the single PIF-Aryl:PDI layer the fraction of the charges that recombines in relative fast
time scales is the predominant component of the TA decay suggesting optimized organization
of the PIF-Aryl polymer chains and low content of structural traps in the single layer that
allow for optimized charge transport and prompt charge recombination losses [40]. In
TFB/PIF-Aryl:PDI bilayer, the fraction of the long-lived charges increases significantly
pointing that charge transport slows down and that the PIF-Aryl chains are less organized
containing more structural traps that lead to slow charge recombination kinetics. Table in
Appendix C summarizes the dissociation efficiency of the PDI excited state in the single PIF-
Aryl:PDI layer and TFB/PIF-Aryl:PDI bilayer system, for two different wavelengths of
photoexcitation at 390 nm and 530 nm. The corresponding PL spectra are also presented

therein.

5.2.4 Solar cell device characterization

Figure 5.5a show the photocurrent density — voltage (J-V) characteristics of the single layer
and bilayer solar cell devices when recorded under simulated solar light of 92 mW cm™ Sun

(AM1.5G). Table 5.2 summarizes the main device figures of merit of the studied devices.

-2
-2

2.5
a) —C— PIF-Aryl:PDI

g —&— PIF-Aryl:PDI _
1024 b) y
—O— TFB/PIF-Aryl:PDI

—&— TFB/PIF-Aryl:PDI

2.04

1.54

1.04

0.5+

T T r r : 0’ T T T T r r
00 02 04 06 08 1.0 -15 -1.0 -05 00 05 10 15 20

Voltage / Volts Voltage / Volts

0.0

[N

Photocurrent density / mA cm
Dark current density / mA cm

Figure 5.5. a) Photocurrent J-V curves for single layer solar cells of annealed PIF-Aryl:PDI and for
bilayer solar cells of annealed TFB/PIF-Aryl:PDI. b) Dark current J-V curves for single layer solar
cells of annealed PIF-Aryl:PDI and for annealed bilayer solar cells of TFB/ PIF-Aryl:PDI. For all
devices glass/ITO/PEDOT:PSS and Al are the hole-collecting (bottom) and electron-collecting (top)
electrodes, respectively. Photocurrent metrics are recorded with 0.92 Suns of AM1.5G.
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The single layer PIF-Aryl:PDI device exhibits a PCE value of 0.37% and the insertion of the
TFB interlayer increases the PCE of the TFB/PIF-Aryl:PDI bilayer device by 0.58%. Figure
5.5b presents the dark J-V characteristics of the single layer and bilayer solar cell devices. It
is found that dark current (l4) of the bilayer device is reduced.

Table 5.2. The main performance parameters of the single and bilayer solar cell devices extracted by
the J-V curves of Figure 5.5a.

OPV device structure V. (Volts) Je (MAcm?®)  FF (%) PCE (%) Rsy (kQ)  Rs (k)
PEDOT/PIF-Aryl:PDI/AI 0.7+ 0.011 1.62 £0.017 30.0 £0.63 0.37£0.007 66.2+1.4 1.0%0.02
PEDOT/TFB/PIF-Aryl:PDI/Al  0.87 £0.012 21+0.11 32.8 £0.45 0.58 +0.043 984+0.3 13+0.02

5.2.5. Scanning electron microscopy imaging and contact angle characterization

Scanning electron microscopy (SEM) imaging is performed on the single and bilayer systems
deposited on glass/ITO substrates for confirming the effects of the TFB interlayer on the
morphology of the PIF-Aryl:PDI layeras shown in Figure 5.6. The SEM images are acquired
of the two systems both on a top-view and a cross-sectional mode. Based on Figure 5.6a &
6b it becomes apparent that the insertion of the TFB interlayer drastically affects the surface
morphology of the PIF-Aryl:PDI layer. In the case of the PIF-Aryl:PDI layer sample a clear
formation of whisker-like objects can be observed on the surface of the sample. The whiskers
are as long as 530 nm and wide as 70 nm. In addition, smaller ribbons can be observed and
the nominal length of the ribbons is in the order of 200 nm. By the addition of TFB interlayer
the highly organized whisker-like objects disappear and the ribbons are found to emerge on

the sample surface out of an amorphous matrix as shown in Figure 5.6b.
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Figure 5.6. Shows the top-view SEM images of the a) PIF-Aryl:PDI single layer, b) TFB/PIF-
Aryl:PDI bilayer and cross-sectional SEM images of the ¢) PIF-Aryl:PDI single layer, d) a TFB/PIF-
Aryl:PDI bilayer.

In Figure 5.6c SEM image of the single layer sample where the structure of
ITO/PEDOT:PSS/PIF-Aryl:PD can be seen. Similarly, the SEM cross-sectional images
resolves the stratified structure ITO/PEDOT:PSS/TFB/PIF-Aryl:PDI is shown in Figure
5.6d. In single layer, PDI forms ribbons that are much alike in structure with those previously
observed [9], [18]. Therefore, it is unlikely that the whiskers that are found on the surface of
the PIF-Aryl:PDI layer system are made of PDI. Previous wide-angle X-ray scattering
(WAXS) studies on microextruded fibers and atomic force microscopy (AFM) imaging
characterization on as-spun and annealed films of PIF-Aryl have suggested that in the solid
state the macromolecular fragments of PIF-Aryl are organized locally in amorphous
arrangements that form elongated rod-shaped aggregates [41], also shown in Chapter 3. The
cross-sectional image in Figure 5.6¢ is acquired for a sample area where the Al metal is
peeled off and the removal of Al also removed the thin whisker surface, leaving exposed the
PDI ribbons on the surface. The fact that no whisker formation is observed in the case of the

bilayer (Figure 5.6b) suggests that the addition of the TFB layer prevents the organization of
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the PIF-Aryl component and promotes the emergence of the PDI on the surface of the

amorphous PIF-Aryl matrix.

Figure 5.7. Water droplets on layers of a) glass/TFB, b) glass/PIF-Aryl, ¢) glass/PS, d)
glass/PS:PDI 60 wt% and e) glass/ITO/PEDOT:PSS.

Further in Figure 5.7 contact angle measurements are performed in a set of samples for
elucidating whether the insertion of the TFB interlayer can indirectly lead to modified surface
properties. In particular with the drop analysis technique the contact angle in layers of
glass/TFB, glass/PIF-Aryl, glass/PS, glass/ITO/PEDOT:PSS and glass/PS:PDI is measured.

Table 5.3 reports the measured contact angle values for these samples.

Table 5.3. Contact angle values as determined for thedifferent organic layers (Figure 5.7).

Sample Contact angle (°)
glass/TFB 99.8
glass/PIF-Aryl 98.3
glass/PS 93.8
glass/PS:PDI 60 wt% 86.4
glass/ITO/PEDOT:PSS 52.6
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From all measured samples the lowest contact angle value is obtained for the PEDOT:PSS
layer confirming the strongest hydrophilic character. In contrast, the TFB, PIF-Aryl and PS
polymeric matrices are found more hydrophobic with contact angle values higher than 90°.
Interestingly, in PS:PDI 60 wt% film hydrophobic character of the composite layer is reduced

to 86° thus increasing the affinity of the PS:PDI layer to the PEDOT:PSS.

5.3. Discussion

Both PIF-Aryl:PDI single layer and TFB/ PIF-Aryl:PDI bilayer devices exhibit PCEs that are
drastically improved in respect to previous PCEs obtained by other polymeric PDI OPV
composites of the same PDI derivative [9], [18]. The use of the TFB interlayer is positively
affecting the PCE of the TFB/PIF-Aryl:PDI solar cell and in respect to the single layer PIF-
Aryl:PDI device it results in an increased PCE by more than 55%. In respect to the single
layer device, the Is of the bilayer device is found to increase by 29% and a significant
improvement of more than 20% is found in the V.. parameter [14], [15]. In the bilayer device
I4 is found significantly reduced with respect to the I4 of the single layer device. The observed
reduction in Iy cannot be attributed to a different electric field that could arise by differences
in the total thickness of the device layer that is sandwiched between electrodes. For the single
layer device the PIF-Aryl:PDI layer is 97 nm = 0.7 nm thick whereas for the case of the
bilayer device total thickness of the TFB/PIF-Aryl:PDI layer 101.4 nm £ 0.7 nm where a 7.8
nm + 0.6 nm thick TFB layer is used. Therefore the observed improvement in V. is assigned
that is achieved after adapting a purely solution-based processing protocol without the
requirement of cross-linking for the fabrication of the bilayer optoelectronic medium of the

TEB/PIF-Aryl:PDI system [17], [18].
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In line with the increased Iy, the EQE of the bilayer device is much improved in respect to
the EQE of the single layer device (Figure 5.4a). Interestingly, the observed improvement in
the EQE takes place in the spectral region where the PDI component alone absorbs light. The
minor increase in the EQE at shorter wavelengths in the region where the TFB absorb the
light indicate that despite the occurrence of CT reactions between TFB interlayer and the PIF-
Aryl:PDI top-layer, the electronic coupling of TFB layer and the active layer remains weak.
This is totally different to what has been proposed for the impact of polymeric interlayers in
fullerene-based solar cells [28]. The reasons for this disagreement will be the subject of a

separate study on the PIF-Aryl:PDI system.

The increase in the EQE of the TFB/PIF-Aryl:PDI bilayer device at longer wavelengths
cannot be attributed to a higher dissociation yield of the PDI emissive excited state in the
bilayer system since no difference is found in the PL quenching efficiency between the PIF-
Aryl:PDI and TFB/PIF-Aryl:PDI systems after photoexcitation at 530 nm. Moreover, based
on the SEM and TA results it is found that the insertion of the TFB interlayer induces the
reorganization of the PIF component in the PIF:PDI top layer, leading to slower charge
recombination kinetics and consequently to slower charge transport. Therefore the observed
improvement in the photocurrent of the TFB/PIF-Aryl:PDI bilayer device should be the result
of an optimized charge extraction that is assisted by the changes in the morphology of the
PIF-Aryl:PDI top layer of the bilayer. The increased fill factor of the TFB/PIF-Aryl:PDI
bilayer device is also in favour of the notion that the charge extraction is improved. However
more evidence in support of our suggestion comes from the contact angle measurement study
(Table 5.3). TFB and PS are found to form equally hydrophobic surfaces. Moreover, the
addition of PDI in a PS film reduces the hydrophobicity of the PS:PDI film and suggests that
PDI is more hydrophilic than PS. Therefore, after the insertion of the TFB interlayer, the PDI

component is likely to be repelled away by the TFB interlayer towards the PIF-Aryl:PDI/AI
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interface whereas the PIF-Aryl component will be more evenly distributed across the top
layer of PIF-Aryl:PDI due to its higher compatibility with the TFB interlayer. Consequently
by inserting the TFB interlayer the PDI and PIF-Aryl components are re-distributed in such
way that they are homogeneously dispersed along the device electrodes with PIF-Aryl to be
more compatible with the TFB and the PDI to gain accessibility to the electron-collecting
electrode of Al. Under these conditions the carrier-transporting components are well placed
in respect to the corresponding carrier-collecting contacts of the device as a result extraction

of the photogenerated carriers is improves [42].

5.4. Conclusion

In conclusion, a methodology for the fabrication of a PDI based bilayer OPV device with an
improved PCE parameter is presented. The PCE parameter is increased more than 1.5 times
after inserting the electro-optically active TFB interlayer between the hole-collecting
electrode PEDOT:PSS and the PIF-Aryl:PDI photoactive layer of the device. The utilized
TFB interlayer induces the redistribution of the PDI component in PIF-Aryl:PDI photoactive
layer along the direction of the device contacts, thus optimizing the connectivity of the
electron-transporting component. As a result I. parameter of the device improves greatly.
Owned to the nature of the described methodology for the fabrication of OPV bilayers, the
preparation protocol of the TFB interlayer without the necessity for cross-linking is easily
transferable to roll-to-roll deposition techniques for extending the fabrication of large area
bilayers of efficient OPV devices to high-through production lines. This step is expected to
contribute substantially in the development of low-cost power generating devices and it may
also enable the pursuit of alternative electron-accepting materials that can compete with

fullerene derivatives in OPV applications.
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Chapter 6

Effect of Additive on the Photovoltaic

performance of Perylene Diimide based
Solar Cell

The effect of 1, 8-diiodooctane (DIO) additive is investigated for low-energy bandgap
polymeric ~ donor  poly[(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b;4,5-b 0
]dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene))-2,6-diyl]

(PBDTTT-CT):PDI based solar cells. It is found that the morphology and solar cell
performance are strongly depend on the DIO concentration, with significant changes in
short-circuit current, open-circuit voltage and fill factor. A PCE of 3.7% is achieved by
using 0.4 volume % DIO in PBDTTT-CT: PDI blend. Space-charge limited dark current
and transient photovoltage (TPV) measurements indicate that the use of the DIO additive
optimizes the electron and hole carrier mobility ratio, reduces the non-geminate

recombination losses and improves the charge extraction efficiency.

“There are no such things as applied sciences, only applications of science. ”

- Louis Pasteur
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6.1 Introduction

PDI derivative has a very strong tendency to aggregate and forming long ordered PDI
aggregates in columnar superstructures [1]. In these superstructures, excitons are converting
to intermolecular states which exhibit excimer-like PDI emission and the well-ordered large
PDI domains act as a trap for the charges that limit solar cell efficiency [2-5]. This is a big
drawback of PDIs when they are used in OPV devices. PDI aggregates in OPV devices either
lead to a large leakage current or act as a trap for the PDI excimers. Recently it was reported
that the detrimental effects of PDI aggregation in OPV photoactive layers could be
minimized if non-planar PDI derivatives such as star-shaped structures or dimmers are used,
and solar cells based on non-planar PDI derivatives have demonstrated PCEs of 2.3-4.3% [6-
9]. On the other hand, non-planar PDI derivatives have required many reaction steps that
make their synthesis expensive; for this reason, utilizing a lower-cost monomeric PDI
derivatives as electron acceptor component in the organic solar cells remains on top-priority
[3, 10].

The nanomorphology of bulk hetrojunction (BHJ) film is an important aspect that affects
the OPV device performance. The sizes of the polymer donor and acceptor phase separated
domains in BHJ materials should be 10-20 nm to an enable efficient charge separation at the
donor/acceptor interface. In addition, the interpenetrating polymer and donor networks that
must be percolated through the BHJ so that both holes and electrons can be readily
transported to the electrodes. Whereas in PDI based blend film large PDI domain can form a
trapping sites for charges, which are responsible for the low device performance [1]. In
literature nanophase separated morphology blend with crystalline donor acceptor BHJ solar
cells devices was controlled by varying the ratio of solvent additives [11]. In this work DIO
additive has incorporated in PBDTTT-CT:PDI blend solution to improve the morphology of

the blend film. To evaluate the effect of DIO additive a set of experiment has been performed
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on thin film and OPV devices like; UV-vis absorption and photoluminescence (PL)
spectroscopy, atomic force microscopy (AFM), intensity dependent photocurrent density
(Jsc) and open circuit voltage (Voc), and transient photocurrent and voltage. The PBDTTT-
CT:PDI (30:70) blend has been already optimized with respect to composition and layer
thickness for an efficient PL quenching and device performance as can be seen in Chapter 7.

The chemical structure of the PBDTTT-CT and PDI are presented in the Chapter 2.

6.2 Results

Figure 6.1 presents the UV-Vis spectra of the PBDTTT-CT:PDI blend film with different
concentrations of 1, 8-diiodooctane (DIO). The PBDTTT-CT polymer and PDI combination
covers efficiently the visible spectral range, and with a small amount of the DIO additive the
absorption strength of the PBDTTTCT:PDI blend is increased significantly in between 520 -
745 nm. The use of the additive results in an enhancement of the absorption coefficient in the
film made by PBCDTTT-CT:PDI with (w/) 0.4 vol% DIO; a 70% increase is found around

745 nm whereas the increase is 80% around 590 nm.

0.4
—e— 0% DIO
—+— (0.2% DIO
03 —— 0.4% DIO
c ’ —+— (0.8% DIO
) = 1.2% DIO
3
Qo 0.2
(@]
(72]
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0.0
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Wavelength (nm)

Figure 6.1. UV-Vis absorption spectra of the PBDTTT-CT:PDI blend system with different vol% of
DIO where ratio of DIO varied from 0 to 1.2 vol %.
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Figure 6.2 presents the AFM images for the PBDTTT-CT:PDI and the PBDTTT-CT:PDI
with different vol% DIO blend films. The blend films are deposited on the glass/ITO/ZnO
substrate in a similar fashion as the devices were fabricated. First image in Figure 6.2 is
showing the reference sample, glass/ITO/ZnO, and the others with PBDTTT-CT:PDI blend
films with different ratio of the DIO additive. The areal size of the PDI aggregates is reduced
from 0.045 pm? to 0.013 um? w/0.4vol% DIO as presented in Table 6.1. The large aggregates
of PDI found in PBDTTT-CT:PDI are reducing with the addition of 0.4vol% DIO and
average roughness of blend films is decreased from 8.14 nm to 2.53 nm. A high resolution
images (size lum x 1um) for the PBDTTT-CT:PDI blend and the PBDTTT-CT:PDI with
different vol% DIO blend films are shown in the Appendix D. In the AFM images we can
clearly see a transition from p-scale PDI domains to nanoscale PDI domains with the addition

of DIO.

Figure 6.2. Atomic force microscope images of PBDTTT-CT:PDI blend films with different vol% of
DIO. Images were scanned for the area S5um x 5um. The blend films were spun on the top of
glass/ITO/ZnO substrate and concentration of DIO is varied from 0 to 1.2 vol%.
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Table 6.1.Surface roughness and areal size of the PDI domains in PBDTTT-CT:PDI blend films with
different ratio of DIO.

Sample Rims (NM) Ravg (hM) Areal size (um?)

Zn0O 3.31 400  ------

0% 10.62 8.14 0.045 + 0.002
0.2% 1.65 3.67 0.017 £ 0.001
0.4% 1.95 2.53 0.013 £ 0.002
0.8% 5.72 7.24 0.031 + 0.002
1.2% 8.01 10.18 0.032 £ 0.001

The PL quenching of the PDI excimer emission in the PBDTTT-CT:PDI blend film is

observed more than 93% but still unquenched PDI excimer emission is visible (see in

appendix E). The unquenched PL spectrum of the PBDTTT-CT:PDI blend film is reduced

with the addition of 0.4 vol% of DIO and further increase in the DIO concentration raise the

unguenched PDI emission as shown in Figure 6.3a. The short circuit current density (Js) of

the OPV devices follows the same trend like the PL quenching of PDI excimer emission as

shown in Figure 6.3b. The Jsc of the device is increased from 7.1 mAcm™ to 8.1 mAcm™

with the addition of 0.4 vol% DIO whereas FF is increased 44.7 to 51.9 and PCE is

improved 2.8 to 3.7%, respectively. The photovoltaic properties of the PBDTTT-CT:PDI

with DIO are summarized in Table 6.2.

corr. PL / 10°.cps
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Exc. A =532 nm
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Figure 6.3. a) 1-T corrected PL spectra for the PBDTTT-CT:PDI film with/without DIO b) J-
V characteristics of invert structured OPVs for the photoactive layer PBDTTT-CT:PDI film
with/without DIO. The concentration of DIO varied from 0 to 1.2 vol% and the devices were
exposed under the simulated solar light of 98 mW cm™ (AM1.5G).
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Table 6.2. Summary of the OPV device performance where the device structure is ITO/ZnO/
PBDTTT-CT:PDI + 0 - 1.2 vol% DIO /V,0s/Ag.

DIO (vol. %)  Voc (Volts)  Jsc (mA cm™) FF (%) PCE (%)  PCEqa (%)
0 0.78 £ 0.01 7.1£0.17 44.7 £0.9 2.7+0.12 2.8
0.2 0.81+0.01 7.4+0.12 46.6 +1.8 3.0£0.10 3.1
0.4 0.80 +0.01 8.1+0.06 51.9+0.7 3.7+0.10 3.7
0.8 0.70 £ 0.02 6.7 £0.05 49.9+1.0 26+0.11 2.8
1.2 0.59 +0.01 53+0.21 43.1+17 1.4 £0.05 15

The EQE spectra (see in Appendix D) for the devices with DIO has progressed to the
wavelength range 565 to 790 nm that pursuing the identical trend as appeared in
absorption spectra in Figure 6.1. Figure 6.4a presents the light intensity dependent
Jsc of the PBDTTT-CT:PDI OPV devices where devices were photoexcited with 532
nm laser. All the OPV devices are showing a similar slope value (a) in the low light
intensity region (0.02 — 100 mWcm™). The PBDTTT-CT:PDI w/0.4vol% DIO based
OPV device shows slope a = 0.99 which is closer to unity but at higher incident light
intensity (>100mWcm™) the deviation in slope (¢! < ) indicating presence of
bimolecular recombination. Figure 6.4b shows the light intensity dependent VVoc for
PBDTTT-CT:PDI OPV devices with different ratio of DIO. The slope of curve for
PBDTTT-CT:PDI device is 2.08 KgT/q and for PBDTTT-CT:PDI w/0.4vol% DIO
device shows a slope of 2.03 KgT/g. At 0.8 and 1.2 vol% of DIO devices are showing
increase in slope value 2.53 KgT/q and 4.3KgT/q, respectively. A reference device, an
efficient P3HT:ICBA(1:1) blend based OPV device having PCE~5.1%, was kept to
confirm the accuracy of our measurements which is showing the similar results (slope

= 1.15 KgT/q) as reported in literature [13].
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Figure 6.4 a) Light intensity dependence photocurrent where devices are photoexcited at
wavelength 532 nm b) light intensity versus Voc of invert structured OPV with different
compositions of PBDTTT-CT:PDI. For this measurement devices are excited under the solar
simulator lamp.

The electron and hole mobility of the PBDTTT-CT:PDI blend with DIO were
calculated from dark J-V curve of the controlled devices as shown in Appendix D and
summarized in Table 6.2. A controlled, electron only and hole only, devices were

fabricated with same structure as discussed in the Chapter 4.

Table 6.3. Hole and electron mobility for the PBDTTT-CT: PDI with different vol% DIO.

Sample  <py> (cm?/Vsec) = sdy(cm?/Vsec) <pe> (cm?/Vsec) +sde (cm¥Vsec) — <He/pp>

0% 8.26 x 10° 1.37 x 107 6.41 x 10°® 7.76 x 107 0.08
0.2% 2.10 x 10° 5.58 x 10 1.03 x 10® 1.94 x10° 0.49
0.4% 5.44 x 10°® 1.94 x 10°® 7.56 x 10°® 1.52 x 10°® 1.39
0.8% 494 x10° 7.08 x 10°® 1.11 x10° 7.58 x 107 0.23
1.2% 6.59 x 10° 8.31 x 10 1.91 x 10° 2.15x10° 0.29

6.3 Discussion

Use of DIO in PBDTTT-CT:PDI blend enhances the absorption of film in wavelength range
565 to 790 nm where PBDTTT-CT polymer absorbs the light. In addition for optimum
concentration 0.4 vol% DIO increases the PL quenching of the PDI excimer emission in
PBDTTT-CT:PDI blend. Morphology of PBDTTT-CT:PDI blend film is transformed from p-

scale to nanoscale as appear in AFM images. The addition of DIO not only optimizes the size
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of the PDI aggregates but also improves the electronic coupling of adjacent PDI aggregates
which is helping to balance the charge transport. A space-charge limited current
measurements in unipolar devices for determining the electron (ue) and hole (un) mobility in
the all the blend systems is performed. For the PBDTTTCT:PDI combination, electron-
mobility is found to be pe = 6.4 x 10°+ 7.8 x 107 cm?*V'sec™ and hole-mobility is found to
be py = 8.3 x 10° £ 1.4 x 10®° cm?V'sec’’. The use of the DIO additive for the PBDTTT-
CT:PDI systems results in pe = 7.6 x 10° + 1.5 x 10° cm®V™'sec™ and p, = 5.4 x 10° + 1.9 x
10 cm?V'sec™. The observed reduction of the hole mobility is counterbalanced by the
absorption coefficient of the PBDTTT-CT:PDI with 0.4 vol% DIO blend film that further
reflects in structural changes in the presence of DIO and by the optimization of the
electron/hole mobility ratio as shown in Table 6.2. Photoexcitation intensity dependent Jsc of
the PBDTTT-CT:PDI and PBDTTTCT:PDI w/0.4 vol% DIO systems under monochromatic
photoexcitation at 532 nm exhibited a linear dependence on photoexcitation intensity
verifying that geminate charge recombination is not the main loss channel of the device
photocurrent for these systems. At higher intensity the deviation in slope (o' < o) can be
attributed to the bimolecular recombination, space charge effects, and variations in mobility
between the two carriers [12]. Here in our experiemnt, devices were fabricated with ohmic
contacts, so there is no extraction barrier for electrons or holes extraction and mobility ratio
(He/uy) of the PBDTTT-CT:PDI w/0.4% DIO blend is also approaches to 1, it means mobility
of the charge carrier is in balance. Therefore space charge effects and variations in mobility
between the two carriers are not the dominating factor responsible for the deviation of power
law at higher intensity. If bimolecular recombination is the sole loss mechanism, than Voc of

bulkhetrojunction solar cell is explaining by equation 1 [13].

eff
Voo = fg KT ln( AILE ) (eq.1)

e e G
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eff

where Eq is the effective donor-acceptor energy gap, ngfz Enomop — ELumoa —

62/KgT , ( Enomo, D is the highest occupied molecular orbital of donor and E_ymo, A
represent the lowest unoccupied molecular orbital of acceptor, ¢ corresponds to width of the
density of states, Kg is Boltzmann constant and T is temperature in kelvin), e is the
elementary charge, N and N, are the total density of states for holes and electrons in donor-
acceptor blend, respectively, y is the Langevin recombination constant and G is the
generation rate of bound electron-hole pairs. Since, G is the only term directly proportional to
the light intensity and vy is independent of it, the slope of the Voc versus the natural logarithm
of the light intensity gives KgT/q represent the bimolecular recombination. In Figure 6.3b
the slope for the PBDTTT-CT:PDI device is 2.08Kgr/q and with PBDTTT-CT:PDI
w/0.4vol% DIO device slope changes to 2.03KgT/q which is almost similar but higher values
of slope implies the existence of both monomolecular (trap assisted) recombination and
bimolecular recombination at Voc. We have also kept an efficient P3HT:ICBA OPV device
having a PCE 5.1% to ensure our experimental results are accurate for such new blend
system, in which slope corresponds to 1.15 KgT/q closer to 1 that implies only bimolecular
recombination is a dominating loss in P3HT:ICBA OPV device [13]. In all PBDTTT-CT:PDI
with or without DIO OPV devices are showing slope in the range 2 - 4.3KgT/q which is
fundamentally different than the P3HT:ICBA OPV device. According to reported results in
literature, the stronger dependence of Voc on incident light intensity implies that the
recombination flux is highly depending on energy disorder in the blend system [13-15]. As
the charge carriers are photogenerated, they will inevitably relax within the distribution of
energy states, leading to a loss of energy. In such devices, this could be reflected in a drop of
Voc with the change in incident intensity. This is in stark contrast to what has been observed

in fullerene-based [13] or in PDI-dimer-based [9] OPV devices and implies a large degree of
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energetic disorder [16] in the photoactive layers of organic solar cells prepared by the PDI
monomeric derivative. This is in line with the distribution of the n-r intermolecular packing
motifs found in Chapter 4.

In order to find the magnitude of non-geminate recombination losses, TPV measurements
under white light background illumination have been performed. During continuous
background illumination, the OPV devices are photoexcited with 10 ns long pulses of 532 nm
light, and the results are shown in Figure 6.5. A bi-exponential equation is needed to fit the
data, possibly because of different free-electron-to-trapped-hole and free-hole-to-trapped-
electron recombination rates. In all cases the dominant carrier lifetime gradually decreases as
the background illumination intensity increases. It can be clearly seen that for the case of
PBDTTT-CT:PDI with 0.4 vol% DIO device, the lifetime suddenly drops above 10 mW cm’
2 suggesting that the use of DIO helps in suppressing bimolecular recombination, presumably
as a result of a faster filling of trap states upon illumination [17,18]. Close to 100mW (1
Suns) intensity of background illumination, the carrier lifetime values of the two systems are
comparable; TpgprTT-cTpDI =3.06 ms and TegprTT-CcT-PDI WDIO =2.3 MS. Further studies are
sought for correlating the transient V. response of the PBDTTT-CT:PDI OPV devices with
the microstructure of the photoactive layer and for elucidating the physical meaning of these
charge-traps [1]. It is reported that OPV devices with photoactive layers of the PBDTTT-CT
polymer mixed with the phenyl-C71-butyric-acid-methyl ester deliver a PCE of 7.6% and a
Jse =17.50 mA cm™ [19]. This suggests that the inferred charge traps in the PBDTTT-CT:PDI
system are related mainly to the structural motif of the PDI component and that higher
photocurrent generation efficiencies can be reached after gaining a deeper insight into the

structure-related features of these charge carrier trapping sites [20].
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Figure 6.5. Open-circuit-voltage (\Voc) transients for devices with photoactive layers of (a) PBDTTT-
CT:PDI and (b) PBDTTT-CT:PDI w/0.4 vol% DIO for a different intensity background white light
illumination intensity. Background white illumination intensity dependent Voc lifetimes of devices
with photoactive layers of (¢) PBDTTT-CT:PDI and (d) PBDTTT-CT:PDIw/0.4 vol% DIO. The solid
lines in (a) and (b) are bi-exponential fits to the experimental data. The inset in (d) presents the
spectrum of the white light used for these measurements.

6.4 Conclusion

The device performance of the PBDTTT-CT:PDI blend improves greatly after using a small
amount of the 1, 8-diiodooctane (DIO). The use of 0.4vol% DIO in PBDTTT-CT:PDI blend
film improves PCE from 2.8 to 3.7%. The improved device performance, after using the DIO
component, is attributed to the increased light absorption of the PBDTTT-CT:PDI composite,
morphological transition from p-scale to nanoscale PDI domains, to the efficient quenching
of the PDI excimer luminescence, to the balanced charge carrier transport and to the
elimination of the charge trapping sites in the microstructure of the PBDTTT-CT:PDI

photoactive layer.
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Charge and Energy Transfer Steps
In Perylene Diimide based Blend
Film

Perylene diimide (PDI)-based OPV devices can potentially deliver high power conversion
efficiency (PCE) figures so long the photon energy harvested by the PDI component is
utilized efficiently in charge transfer (CT) reactions, instead of being consumed in
unfavourable resonance energy transfer (ET) steps. It is still unclear which of the two
alternative excited state pathways dominate the photophysics of PDI-based OPV blends.
Here, we performed photoluminescence (PL) quenching experiments in an OPV
composite based on the poly[4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b:4,5-b0]dithiophene-
2,6-diyl-alt-4-(2-ethylhexyloxy-1-one)thieno  [3,4-b]thiophene-2-yl-2-ethylhexan-1-one]
(PBDTTT-CT) polymeric donor mixed with the N,N'-bis(1-ethylpropyl)-perylene-3,4,9,10-
tetracarboxylic diimide (PDI) monomeric acceptor. On the basis of the temperature
dependent PDI PL quenching we find that PDI luminescence is not efficiently quenched
at 80 K, despite the strong spectral overlap between the PDI PL emission and the
PBDTTT-CT UV-Vis absorption. These results point to an insignificant contribution of
the energy transfer component in the overall PL quenching process, which is in
agreement with the high short-circuit photocurrent density of 7.2 mA/cm? and the power
conversion efficiency (PCE) of 2.87% obtained by the PBDTTT-CT:PDI OPV devices.

"All things are difficult before they are easy.”

- Dr. Thomas Fuller
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7.1 Introduction

PDI based devices demonstrate increase in efficiencies by changing the PDI structure, use of
additives and by insertion of interlayers. [1-7]. Although it is still unclear why the PCE of the
monomeric PDI based devices is still low as compared to fullerene based devices in spite of
significant PL quenching (PLQ) of the PDI excimers and polymer excitons by more than 93%
[3, 8-12]. Recently it has been explained using transient absorption spectroscopy on the blend
films that, both the components of PBDTTT-CT:twisted perylene (TP) (1:1) blend efficiently
contribute to polarons generation, and the magnitude of polarons yield in PBDTTT-CT:TP
blend is comparable to that of fullerene blends [6]. Laquai et al. has performed a transient
absorption on the monomeric PDI based blend and provide an estimation of loss channel,
they have reported only 26% polymer excitons are contributing to the charge separation [13,
14]. In Chapter 6 an efficient PDI based solar cell having PCE 2.87% is presented and further
improved to 3.7% by the addition of DIO additive, and there we have concluded that addition
of DIO reduces the trap states in photoactive layer [15].

In a typical bulk heterojunction OPV, the excitons are formed in one of the component of
blend and diffusing to the interface of donor/acceptor, at which there is an offset of energy
levels that leads to charge separation [16- 17]. Commonly, it is interpreted that before the
charge separation two processes are involved in exciton harvesting; photoinduced charge
transfer (CT) and/or the energy transfer (ET) near the donor/acceptor interface, where
excitons are irreversibly transferred to the acceptor [18-24]. The dominant mechanism for
singlet energy transfer is usually Forster resonance energy transfer (FRET) that depends on
the spectral overlap between the donor PL spectrum and absorption spectrum of acceptor,
distance between donor-acceptor, and relative orientation of the donor and acceptor transition
dipole moments [18]. In blend film when the concentrations of the donor and acceptor are

equal and well mixed in nanophase morphology than the exciton quenching will not depend
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on the exciton diffusion in donor. Whereas, in low concentrations of acceptor, most of the
excitons generated in donor are far from the interface, and here exciton quenching will be
depend on the excitons diffusion through the donor. Indirectly exciton diffusion is a factor
that can unveils the CT and ET steps in PLQ.

Depending on the relative concentrations of the two components and the morphology of
the blend, the rate of charge photogeneration can be studied by the rate of exciton diffusion to
the donor/acceptor interface. Thus, the low temperature PL study for different compositions
of the blend can provide a better understanding on both the exciton diffusivity and the rate of
direct energy transfer near/at the donor/acceptor interface [25 -27].

Recently, great effort has been made to determine the exciton diffusion parameters in
PDI at room temperature [3, 28, 29]. However knowledge of the room temperature
characteristics alone does not provide insight into the mechanisms that govern the exciton
diffusion process. In order to elucidate these mechanisms, we have investigated the
temperature dependent PL in the range of 80-295 K. Also, a careful consideration has been
given to how the low temperature PL spectra and electron-phonon coupling changed across
the pristine and blend films of different compositions [30 - 34]. In this work we examine the
PL as a function of temperature for the different compositions of PBDTTT-CT:PDI blend
system. Therefore we have performed UV-Vis absorption, low temperature
photoluminescence (PL), atomic force microscopy (AFM), confocal microscopic

measurements and fabrication of OPV devices for PBDTTT-CT:PDI blend system.

7.2 Results

Figure 7.1a presents the chemical structures of donor poly[4,8-bis-(2-ethylhexyloxy)-
benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-(2-ethylhexyloxy-1-one)thieno [3,4-

b]thiophene-2-yl-2-ethylhexan-1-one] (PBDTTT-CT) and acceptor monomeric N,N’-bis(1-
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ethylpropyl)-perylene-3,4,9,10-tetracarboxylic diimide (PDI) which are used in the blend
film. The PBDTTT-CT polymer is a low bandgap material act as an electron donor (D) and
the energetic alignment with PDI acceptor (A) favor the dissociation of PBDTTT-CT
excitons. At high PDI concentration, the PDI monomers are self-organizing and form
columnar stacks via n-m stacking of the PDI disks. In these aggregates, the electronic
coupling of PDI converts the PDI excitons to excimer species that can also dissociate at the
PDI/polymer interface [3]. Figure 7.1b visualizes a systematic sketch for the common
understanding of electron transfer from D to A, hole transfer from A to D and energy transfer

from Ato D in PBDTTT-CT:PDI blend system.
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Figure 7.1. Shows the (a) chemical structure of the materials (PDI and PBDTTT-CT), (b) steps for
electron transfer from donor to acceptor, hole transfer from acceptor to donor and ET from acceptors
to donor in PBDTTT-CT:PDI (D:A) blend used for this study.
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The normalized absorption spectrum of pristine PBDTTT-CT film and PL spectrum of
pristine PDI film are shown in Figure 7.2a. The absorption spectrum of pristine PBDTTT-
CT film is quite broad in visible region and peaks at 702 nm. The PBDTTT-CT and PDI
materials are dissolved in chloroform solvent and the solutions were spun on a clean glass

substrate [8].
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Figure 7.2. (a) Presents the normalized PL spectrum of the PDI and absorption spectrum of pristine
PBDTTT-CT thin film (b) the normalized spectral overlap between PL of PDI and the absorption of
PBDTTT-CT is plotted. The excitation wavelength used to excite PDI film is 532 nm.

The PL spectrum of the PDI film is recorded after photoexciting at 532 nm where PDI
absorbs the light (Appendix E). The excimer-like luminescence of pristine PDI film is
detected in the spectral region of 560 - 850 nm and peaks at 622 nm [9, 35-37]. Figure 7.2b
presents the normalized spectral overlap between the PDI PL spectrum and PBDTTT-CT
polymer absorption spectrum which is prerequisite for FRET from PDI to PBDTTT-CT.
Whereas, negligible spectral overlap between the PBDTTT-CT PL spectrum and PDI
absorption spectrum suggests less probability of FRET from the PBDTTT-CT polymer to

PDI (Appendix E) [38-40].

99



Chapter 7

N
o
S
N
Q
[N]

(a) only PDI " (b) PBDTTT-CT:PDI (10:90) S
> 1991 S 2,014 <
> l, @ % F12 ¢
— 198 X ©
X~ /A Peak Energy © ~ 2 =

T o ) 6 9 o A PeakEnergy [0
8. O Peak Intensity — g_ O Peak Intensity
Xx
w " %’5 Wi 1994 log ©
1.96 4] T
Q o
1.95 2 1981 Fo.3
8 120 160 200 240 280 320 80 120 160 200 240 280 320
Temperature / K Temperature / K
150 2.020 20
2016 (C) PBDTTT-CT:PDI (30:70 ,o1s] () PBDTTT-CT:PDI (50:50) A s .
.35 A 5
> 5 ; 2,010 ®
> 2010/ 7 L0 © % %0 o
- "’X - 2.005 A <"’
2.004{ o x?2 Peak Energy lo75 S
é A Peak Energy [105 :i 8 O Peak Intensgiily :
O Peak Intensit
L 1908 Y 090 é LlJo- 2,000 lo.60 §
00 o L 1.995 =
1.992 lo7s lo.a5
i i i i 000 1.990— . . . ; r
80 120 160 200 240 280 320 80 120 160 200 240 280 320
Temperature / K Temperature / K

Figure 7.3. Presents the temperature dependence of peak energy (Ep.) (green triangle) and peak
intensity (I,eax) (black circle) of the PL spectra of (a) pristine PDI, (b) PBDTTT-CT:PDI (10:90), (c)
PBDTTT-CT:PDI (30:70), and (d) PBDTTT-CT:PDI (50:50) blend films. Solid lines in the figure are
the guideline for eyes to show the trend of symbols.

Figure 7.3a presents the peak energy (Epea) and respective PL intensity (lpea) Of PDI
excimer emission in pristine PDI film as a function of temperature. The Eje 0f the PDI PL
spectrum exhibits a blue shift with increase in temperature from 1.95 eV to 1.99 eV with a
rate of 0.2 meVs/Kelvin (K) and corresponding lpea decreases with a rate 35 counts/K. In
case of PBDTTT-CT:PDI blend films temperature dependence of Epeac and lpeac Of PL
spectrum are shown in Figure 7.3b, ¢ & d where the blend composition ratio are varied
10:90, 30:70 and 50:50, respectively. The Epex and lpeax Of unquenched PDI excimer
emission in blend films follows the same trend as in pristine PDI but the rate of change with
temperature is different as displayed in Table 7.1. The rate of change in Epex with

temperature for PBDTTT-CT:PDI blend films having different composition ratio 10:90,
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30:70 and 50:50 is calculated 0.154, 0.105 and 0.103 meVs/K and the corresponding rate of
change in lpeax With temperature is 4.69, 2.78 and 2.74 counts/K, respectively. In all the cases
blend film is excited with 532 nm wavelength. The low temperature PL spectra of pristine
PDI film are fitted with Gaussians in order to obtain the individual peak energy, amplitudes,
and full width half maxima (FWHM) parameters of vibronic transitions as shown in
Appendix E. In Appendix E the integrated PDI PL intensity and corresponding FWHM for
the first peak of Gaussian fitting curves is plotted as a function of temperature. The
broadening (FWHM) of the peak is increased from 0.064 eV to 0.11eV with the increase in
temperature from 80 to 295K. The Iy Of unquenched PDI emission in PBDTTT-CT:PDI
(10:90) blend film is one order lower as compare to the pristine PDI film. The PLQ efficiency
of PBDTTT-CT:PDI blend films for different composition ratio 10:90, 30:70 and 50:50 at
room temperature is 70.2, 93.1 and 94.8 %, respectively as shown in Table 7.1. Reference
films of polystyrene (PS):PDI with similar composition ratio are used to calculate the PLQ

efficiency of PBDTTT-CT:PDI blends as shown in Appendix E.

Table 7.1. The rate of change in peak position (Ee.x) and the respective peak intensity (lea) of the PL
spectrum for only PDI, PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI
(50:50) film with respect to temperature is presented. The PLQ efficiency is calculated for the
PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI (50:50) blends with
respect to the reference PS:PSI film of same composition as shown in Appendix E.

System (Erﬁé.{//Ze/n&p;:rature Egegz {1 t‘l;e/rrlgerature PLQ (%)
Only PDI 0.194 35.0

PBDTTT-CT:PDI (10:90) 0.154 5 70.2
PBDTTT-CT:PDI (30:70) 0.105 2.78 93.1
PBDTTT-CT:PDI (50:50) 0.103 2.74 94.8
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Figure 7.4. Shows the normalized PL spectral integral of the unquenched PDI emission from
PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI (50:50) blend film as a
function of temperature. The PL spectral integral values are normalized with the spectral integral
value at 80K. The spectral integral is calculated from wavelength range 598 -730 nm and solid lines
are the guideline for eyes to show the trend of symbols.

Figure 7.4 presents the normalized low temperature PL spectral integral of unquenched PDI
emission in PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI
(50:50) blend films. The spectral integral of PL emission is calculated for the spectrum region
bounded by the wavelength range 598 - 730 nm. The spectral integral of the unquenched PDI
emission in all blend films is decreasing with increase in temperature but particularly in case
of the PBDTTT-CT:PDI (10:90) blend film temperature dependence of spectral integral is
dominating for the whole range of temperature. Whereas PBDTTT-CT:PDI (30:70) and
PBDTTT-CT:PDI (50:50) blend films show two kinds of temperature dependent regions; first
region (80 - 160K) PL spectral integral strongly depend on temperature and second region

(160 - 295K) temperature dependence is weak.
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Figure 7.5. First row: the confocal microscopy images for a) pristine PDI film b) film PBDTTT-
CT:PDI (10:90) ¢) PBDTTT-CT:PDI (30:70) and d) PBDTTT-CT:PDI (50:50) blend film. Second
row; atomic force microscopy (AFM) images for e) pristine PDI film f) PBDTTT-CT:PDI (10:90) g)
PBDTTT-CT:PDI (30:70) and h) PBDTTT-CT:PDI (50:50) blend film. In confocal microscopy all the
films are excited with 532 nm laser and images are captured in reflection mode with 100X objectives.
The films are spun on a glass substrate and thermally annealed at temperature 100 °C for 15 minutes
in glovebox.

Figure 7.5. a-d presents the fluorescent images of pristine PDI and PBDTTT-CT:PDI blend
films with different composition ratio; 10:90, 30:70 and 50:50. All the optical images are
scanned in refection mode with confocal microscope having 532 nm laser and recorded
specifically for PDI excimer emission. The films are scanned for the area 25 x 25 um?. The
pristine PDI and PBDTTT-CT:PDI blend films exhibit a red emitting signal that assign for
the PDI domains [19]. The pristine PDI film possesses ribbon-like features where the size of
ribbon lies in between the width 0.5 = 0.03 pm and length 1.23 + 0.45 um, and for PBDTTT-
CT:PDI (30:70) blend the ribbon has a width of 0.28 = 0.23 um and a length of 1.36 + 0.42
um. Fig. 5e-h shows the tapping mode atomic force microscopy (AFM) images of pristine
PDI and blend PBDTTT-CT:PDI films with similar composition as used in confocal
microscopy imaging. A significant change in the surface morphology and roughness has
observed in the blend a film which is expected because of the strong aggregation of PDI
molecules [9]. The root means square and average roughness of the films is presented in

Table 7.2. The average roughness of the film increased 5.8 to 8.6 nm as the concentration of
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PBDTTT-CT polymer is increased from 10 to 50% in the PBDTTT-CT:PDI blend. The
confocal microscope image and AFM image of the pristine PBDTTT-CT polymer film is

shown in the Appendix E.

Table 7.2. Root mean square and average roughness for the pristine PDI and blend PBDTTT -
CT:PDlI films.

SyStem RRMS ( nm) RAverage ( nm)
Pristine PBDTTT-CT 0.5 0.5
Pristine PDI 9.3 7.3
PBDTTT-CT:PDI (10:90) 7.5 5.8
PBDTTT-CT:PDI (30:70) 10.6 8.2
PBDTTT-CT:PDI (50:50) 13.8 8.6
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Figure 7.6. shows the (a) J-V characteristic of only PDI, PBDTTT-CT:PDI (10:90), PBDTTT-
CT:PDI (30:70) and PBDTTT-CT:PDI (50:50), (b) EQE spectrum of PBDTTT-CT:PDI (30:70) and
PBDTTT-CT:PDI (50:50) photoactive layer based inverted OPV devices. The device structure is used
glass/ITO/ZnO (30 nm)/ PBDTTT-CT:PDI (98 nm)/V,0s (2 nm)/Al (100 nm) and for the electrical
characterization devices are exposed under the simulated solar light of 98 mWcm™? (AM 1.5G).

Figure 7.6a & b presents the short circuit current density — voltage (J-V) characteristic and
the external quantum efficiency (EQE) of the inverted OPV devices where the photoactive
layers are only PDI, PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-
CT:PDI (50:50) . The OPV device metrics are deducted from the J-V curve namely the short-

circuit current (Js), open-circuit voltage (Vo), fill factor (FF), PCE as shown in the Table

7.3. The most of devices with only PDI and PBDTTT-CT:PDI (10:90) film appear shot and J-
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V curve passing either through origin or very close to origin. The EQE spectrum of the
devices follows exactly the same trend as absorption of the PBDTTT-CT:PDI blend films
displaying (shown in the Appendix E). The EQE spectrum for the devices with pristine PDI
and PBDTTT-CT:PDI(10:90) film is almost zero so it has not been added in Figure.6b. The
device with PBDTTT-CT:PDI (30:70) blend film shows the best device characteristics; Js. =
7.2 + 0.13 mA/cm?, Vo = 0.79 + 0.006 Volts, FF = 45 + 1.1%, PCE = 2.82 + 0.11% and

EQEmax = 40%.

Table 7.3. OPV device characteristics for the photoactive layers; only PDI, PBDTTT-CT:PDI
(10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI (50:50).

System Voc (Volts) Jsc (mA/cm?)  FF (%) PCE (%) PCEmax
Pristine PDI - - - - =
PBDTTT-CT:PDI (10:90) 0.08+0.12 3.0+0.42 31.0+19 0.18+0.01 0.19
PBDTTT-CT:PDI (30:70) 0.78+0.01 7.2+0.17 447+09 270+0.17 2.87
PBDTTT-CT:PDI (50:50) 0.78+0.01 6.8+0.30 354+13 192+0.12 2.04

7.3 Discussion

The PLQ of the PDI excimer emission in PBDTTT-CT:PDI blend depends on two processes:
a) non radiative ET between PDI and polymer; this depends on the spectral overlap between
the PDI PL emission and polymer absorption, b) CT between PDI and polymer; this depends
on the relative energetics of the PDI excimer and polymer exciton; (see Figure 7.1b). Ideally,
following the step of non-radiative ET, the PL emission of the polymer should be observed.
However no polymer emission indicates that the activated polymer exciton dissociates at the
polymer/PDI interface via a CT mechanism. To evaluate these processes we have varied the
concentration of PBDTTT-CT polymer 0 to 50% in PBDTTT-CT:PDI blend. At higher
concentration of PBDTTT-CT (50%) in the bulk of blend both the components remain in
close proximity and the probability of FRET will be high as compare to low concentration of

PBDTTT-CT (10%). The PLQ of the PDI excimer emission in PBDTTT-CT:PDI (30:70) and
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PBDTTT-CT:PDI (50:50) blend is observed more than 93% (shown in Table 7.1) that
pointing a strong CT and/or ET. A strong spectral overlap of PDI PL emission and PBDTTT-
CT UV-Vis absorption indicating towards a direct FRET, as illustrated in Figure 7.2a & b.
The ET from PDI to PBDTTT-CT can be a factor explaining the PLQ of PDI emission but
not the only one. In the accountable device results J = 7.2 mAcm™ and PCEax = 2.87% for
the PBDTTT-CT:PDI (30:70) blend also explaining an efficient CT. In addition, the EQE
spectrum is the direct evidence showing large contribution to photocurrent from the PDI
absorption. The PBDTTT-CT:PDI OPV devices are post annealed at 100 °C in N filled
glovebox to induce an optimum phase separation network for donor and acceptor phases in

order to follow reported results [8, 9, 15, 41].

Figure 7.5a-h is showing the morphological behavior of the PDI domains in PBDTTT-
CT:PDI blend films where composition ratio of the blend is varied. The length of PDI
domains in PBDTTT-CT:PDI blend film is longer as compare to PDI domains in pristine PDI
film which can be clearly seen in the confocal and AFM images. The length of the PDIs
domain in pristine PDI film is 1.25 £ 0.45 nm whereas in PBDTTT-CT:PDI(30:70) blend
film appears to be a length of 1.36 = 0.42 pm. The roughness of the blend film increased 7.3
nm to 8.6 nm as concentration of PBDTTT-CT polymer increases from 0% to 50%. This kind
of behaviour in blend films arises because of vertical phase separation or components phase
segregation [42, 43]. The bigger PDI domains would also decrease the interface area
available for charge dissociation and limit the diffusion of PDI excited state to PBDTTT-
CT/PDI interfaces. Instead of larger p-size domains of PDI there will be a existence of nano-
phase morphology in blend film as we have reported in wide angle x-ray scattering (WAXS)
study for the  poly[4,8-bissubstituted-benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-4-

substituted-thieno[3,4-b]thiophene-2,6-diyl] (PBDTTT-EQO):PDI blend system [3].
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Figure 7.3a-d shows the low temperature dependence of the PDI excimer emission in
pristine PDI and PBDTTT-CT:PDI blend films. Several trends has been noted; a) PL Ipeax
decreases with increase in temperature, b) PL lpe for PDI excimer emission in the pristine
PDI film is about ten times higher than from the PBDTTT-CT:PDI blend and c) PDI PL Ipeax
in pristine PDI film fall with increase in temperature is more drastically as compare to
PBDTTT-CT:PDI blend films. The general decrease in PL Ipea With increase in temperature
can be explained by higher exciton diffusivity, which increases the probability of
encountering non-radiative processes; CT and/or ET. Point (b) is due to efficient irreversible
hole capture by the PBDTTT-CT in PBDTTT-CT:PDI blend film or higher probability of
geminated recombination in pristine PDI. The impact of increasing temperature on PDI
excimer emission in the pure film (point (c)) suggests the excimer diffusion of the PDI
ecimer is different in the pure PDI than blend films. It is likely that excimer diffusion in more
ordered or largely aggregated PDIs in pristine PDI film is favorable than in randomly
distributed PDIs in PBDTTT-CT polymer [44]. In Figure 7.3a, the Epe Of PDIs PL
spectrum is blue shifted which infers the H-type of aggregation in PDI molecules [4, 45, 46].
A similar kind of blue shift is observed for the unquenched PDI PL emission in PBDTTT-
CT:PDI blends but the rate of change for blue shift with respect to temperature is lower in
blend film as compare to pristine PDI film. This lower rate for the change in Epea and lpeax
suggests that PBDTTT-CT matrix restricting the PDIs to aggregate and in parallel increasing

the PDI excimers CT and/or ET.

The probability of the ET and/or CT in PBDTTT-CT:PDI (50:50) blend is more because of
higher PLQ efficiency even the PLQ efficiency of PBDTTT-CT:PDI blend is increasing with
the increase of PBDTTT-CT concentration (PLQpgptrr-cT:PDI (50:50) = 94.8% > PLQpeDTTT-
cTppi 30:70) = 93.1% > PLQpgprTT-CT:PDI (10:90) = 70.2%). It implies both PBDTTT-CT and PDI

components in PBDTTT-CT:PDI(50:50) blend are fully mixed and in closer proximity to
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each other. We assume that distance (d) between the center of donor-acceptor domain in
PBDTTT-CT:PDI blend film should follow the order dpepTT7-CT:PDI (50:50) < APBDTTT-CT:PDI (30:70)
< dpoTTT-CT:PDI (10:90) fOr @ well mixed blend systems. Whereas ET and/or CT in PBDTTT-
CT:PDI blend will follow the similar trend as shown in PLQ efficiency for the different

composition of blend.

In the low temperature PL measurements of PBDTTT-CT:PDI(50:50) blend film PDI
excimer emission is abruptly increased with decease of temperature in first region (80-160K)
where excimer diffusion is almost frozen as shown in Figure 7.4. In such case if ET is a
dominating factor than PLQ of PDI excimers should not depend on temperature. The
temperature dependence of spectral integral of unquenched PDI emission in PBDTTT-
CT:PDI film is increased from composition ration 50:50 to 10:90 and the rate of change in
lpeak With respect to temperature (lpea/ K) is 2.74 counts/K for PBDTTT-CT:PDI (50:50),
2.78 counts/K for PBDTTT-CT:PDI (30:70) and 4.68 counts/K for PBDTTT-CT:PDI(10:90)
as shown in Table 7.1. The probability of ET in PBDTTT-CT:PDI(10:90) blend film is weak
as compare to PBDTTT-CT:PDI (50:50) blend film because whereas CT highly depends on
the diffusion of the excimer to the PBDTTT-CT/PDI interface. A stronger dependence of
spectral integral for PBDTTT-CT:PDI(10:90) confirms that CT is a dominating process in

PBDTTT-CT:PDI blend system.

The Epeac Of the PDI PL spectrum of pristine PDI and PBDTTT-CT:PDI blend films is
showing a strong blue shift with the increase in temperature as shown in Figure 7.3a-d. A
blue shift in Epeac With increasing temperature has been already observed in disordered
materials [47-49]. Due to disorder in organic materials the density of excitonic states is
inhomogeneously broadened, and at higher temperatures excitons are thermally hopped and
distributed closer to the middle of the density of states. As a result energy level shift towards
the most populated states causes a blue shift in the PL spectrum of the organic material. The
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rate of shift in Epeax With respect to temperature is decreasing with the increase in the
concentration of PBDTTT-CT in PBDTTT-CT:PDI blend film as 0.194 meVs/K for only
PDI, 0.154 meVs/K for PBDTTT-CT:PDI (10:90), 0.105 meVs/K for PBDTTT-
CT:PDI(30:70), and 0.103 meVs/K for PBDTTT-CT:PDI(50:50). Even the WAXS study on
the PBDTTT-EO:PDI(30:70) composite has confirmed the presence of additional
intermolecular PDI interactions, other than direct face-to-face mn- = stacking, that are
responsible for the energetic disorder [3]. The possibility of the additional interaction
between PDI molecules will be high in pristine PDI film or high PDI concentrated blend
films like PBDTTT-CT:PDI (10:90) as compare to PBDTTT-CT:PDI (30:70) and PBDTTT-
CT:PDI (50:50). In the first region (80 -160K) of Figure 7.3a & b shift in Epeac 0f the PDI
PL emission strongly depend on temperature while at higher temperatures it is weakly

shifting with increase in temperature.

Figure 7.7 presents the calculated Huang—Rhys factor (S) for the pristine PDI film and for
the PBDTTT-CT:PDI blend film with different composition ratio. Mostly the electron—
phonon interaction or the extent of the geometrical deformation in the excited state is
described by the S — factor [30-33, 41, 50]. Pristine PDI film showing a high electron-phonon
coupling in the first region (80-160K) and for higher temperature ( > 160K ) electron-phonon
coupling factor is decreased to half. A similar trend has obtained for the PBDTTT-
CT:PDI(10:90) but with lesser S - factor difference in two regions afterward for PBDTTT-

CT:PDI(30:70) and PBDTTT-CT:PDI(50:50) difference is reduced.
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Figure 7.7. Huang - Rhys factor as a function of temperature for the pristine PDI, PBDTTT-CT:PDI
(10:90). PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI (50:50)film.

7.4 Conclusion

In conclusion the energy and charge transfer steps in the PLQ of PDI excimer emission in
PBDTTT-CT:PDI blend is discussed. A low temperature dependent PL spectroscopy is
performed in the range of 80-295K. A significant unquenched PDI PL emission in PBDTTT-
CT:PDI blend at 80K has inferred that charge transfer is a dominating factor despite of strong
condition for Forster resonance energy transfer. The contribution of the CT in PLQ efficiency
is in agreement with the photocurrent generation and PCE of the PBDTTT-CT:PDI OPV
devices. The dominant charge transfer property makes the PDI a promising acceptor to
PBDTTT-CT:PDI OPV device. The temperature dependence of Epeax and Huang-Rhy factor
for pristine PDI film is showing two temperature dependent regions and supporting each
other. Further more detailed study has been required to understand the energy disorder and

electron-phonon coupling in PBDTTT-CT:PDI blend system.
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SUMMARY AND FUTURE WORK

In this thesis a coherent understanding of the difficulty for PDI-based OPV devices has
developed to achieve high PCEs. The different combination of PDI with p-type polymers has
tried to understand the photophysical and morphological properties of the blend. PDI
monomers have showed a strong aggregation effect in the OPV blend systems. In Chapter 3,
the size of the PDI aggregates in an amorphous polymer matrix has been tuned by thermal
annealing. Aggregate formation has a profound effect on the photophysical properties of the
blend films and on the electrical performance of the corresponding OPV devices. PDI
aggregation is found necessary for the efficient percolation of the photogenerated charges and
for their extraction at the device electrodes. The vertical phase separation in PDI based
photoactive layer and the interfaces with interlayer or metal electrode also has shown a
significant effect on the OPV device parameters. In Chapter 4 structure—function
relationships in the efficient OPV blend of polymer:PDI has been investigated thoroughly. A
correlation has been established between the local (columnar) and global (aggregate)
structure of the polymer:PDI system with the electrical properties of the corresponding OPV
devices. The local structure of the blend revealed a hierarchical self-assembly of the PDI
mesophase in the blend as verified by WAXS. The presence of disordered PDI aggregates is
essential both for the efficient dissociation of the PDI excimers at the PDI/polymer interface
and for the optimum charge transport properties of the OPV layer. The precise molecular
engineering of the PDI scaffold is helping to maximize the efficiency of charge
photogeneration and transport processes in PDI-based solar cells. In addition, the quality of
interface between the top carrier-collecting electrode and the photoactive layer critically
affects the efficiency of charge collection. The use of inverted OPV device geometries is
recommended for the efficient performance of PDI based OPV devices. In Chapter 5 the

insertion of the TFB interlayer is contributing to the improvement in the morphology of the
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photoactive layer and in the photocurrent generation efficiency of the device. The utilized
TFB interlayer induces the re-distribution of the PDI and polymer components of the
photoactive layer along the direction of the device contacts, thus optimizing the connectivity
of the electron-transporting component in the photoactive layer with the corresponding
electron-collecting electrode of the device. As a result of the component re-organization the
photocurrent of the device improves greatly.

In Chapter 6 the addition of DIO additive in PDI based blend system has showed an
improvement in morphology and solar cell performance. A PCE of 3.7% is achieved by using
0.4 volume % DIO in PBDTTT-CT:PDI blend. In Chapter 7 a low temperature dependent
clarify that charge transfer is a dominant mechanism for harvesting the photon energy,
despite unfavourable energy transfer.

Overall, the experimental techniques are used to understand the role of monomer PDI as
an acceptor in BHJ OPVs. We have shown that conformation dictates the control of PDI
aggregates, which in turn, strongly influence the device performance. Understandings of

these phenomena are necessary to further develop technologies based on PDI based acceptor.

Future work

PDI based OPVs have a potential for low manufacturing and material costs. Many challenges
still remain for moving OPVs from the laboratory into high-volume commercial applications.
In PDI based OPVs there are several opportunities exist for the continuation of the work in
this thesis to further deepen the understanding and development of efficient OPVs. A detailed
study has been required for more understanding of non-geminated recombination, electron-
phonon coupling and charge trapping sites in the PDI based composite systems. In my
understanding there is still a big scope of opportunities exists for collaborations between
synthetic and theoretical chemists to develop similar compounds with different

intermolecular interactions.
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Figure Al. Normalized resonanance Raman spectra of as-spun and thermally annealed PS:PDI blend
films. All films were annealed in N2 filled glovebox for 30 min.
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Figure A2. Dark J-V curves of a) hole-only devices and b) electron-only devices, with photoactive
layers in the as-spun (squares) and annealed (circles) at 100 °C photoactive layers. In all cases the PDI
content was 60 wt%.The solid lines are fits based on equation (S1). For the case of the electron-only
devices the build-in voltage value of V,;=1.5 Volts was used.

3

9 — V
IV = et g xpOS9 VL) 5.
_ (S1)

Zero-field mobility, p oc cm?/(V sec)

Film thickness, L oc cm

Dark current density J o« mA/cm?

Voltage, V « Volts

Vacuum permittivity, e,= 88.54 x 10™? (mA sec)/(V sec)
Dielectric constant, £,=3

Disorder parameter, y o« (cm/Volt)*®
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Figure A3. Dark J-V characteristics of photodiodes with a PIF-Octyl:PDI layer that have Al (squares)
and Ca/Al (circles) electron-collecting electrodes (ECE). For both cases the device structure was
glass/ITO/PEDOT:PSS/PIF-Octyl:PDI/ECE and thermal annealing was at 100 °C for 30 min, after
ECE deposition. The solid lines are exponential (black line) and linear (red line) fits on the data.

Appendix B

a) b)

e | ande/ |

Glass/ITO/PEDOT:PSS  15.4+2.04
Glass/ITO/Zn0 3431212

Figure B1. Upper panel: water droplets on layers of a) PEDOT:PSS and b) ZnO deposited on
glass/ITO substrates. Bottom panel: average contact angle values and their corresponding standard
deviation, as determined by the drop shape analysis for the studied PEDOT:PSS and ZnO layers. At
least three measurements are performed for each sample in order to confirm the reproducibility of
these results.
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Figure C1. Atomic force microscopy images for a) glass/ITO substrate, b) glass/ITO/PEDOT:PSS
substrate, ¢) glass/ITO/PEDOT:PSS/TFB substrate and d) glass/ITO/PEDOT:PSS/TFB after rinsing
with chloroform and thermal annealing.

Table C1. Root mean square roughness for the surfaces of the films presented in Figure C1

Sample rms roughness (hm)
Glass/ ITO 231
Glass/ ITO/PEDOT:PSS 1.15
Glass/ ITO/PEDOT:PSS/TFB (before rinsing + thermal annealing) 0.79
Glass/ ITO/PEDOT:PSS/TFB(after rinsing + thermal annealing) 0.84

Table C2. Comparison of the film thickness determination results as obtained with the use of surface
profilometry and atomic force microscopy

Sample orofitometer (NM) darm (M)
Glass/ ITO/PEDOT:PSS 42 40
Glass/ ITO/PEDOT:PSS/TFB (before rinsing + thermal 126 12
annealing)

Glass/ ITO/PEDOT:PSS/TFB(after rinsing + thermal 8.1 3
annealing)
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Figure C2. Absorption spectra of a TFB layer before spin-rinsing (red line) and thermal annealing
(black line) and after spin-rinsing with chloroform and thermal annealing.
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Figure C3. cw-PIA spectra for a) a PS:PDI film under photoexcitation at 532 nm, b) an annealed PIF-
Aryl film under photoexcitation at 405 nm c) an annealed TFB film under photoexcitation at 405 nm
and d) a TFB/PIF-Aryl:PDI bilayer under photoexcitation at 405 nm (red line) and at 532 nm (black
line). All PDI-containing samples are with 60 wt% PDI. The excitation intensity for 405 nm and 532
nm is 1.3 mWcm™ and 1.9 mW/cm?, respectively.
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Figure C4. PL spectra of the PS:PDI (squares), PIF-Aryl:PDI (circles) and TFB/PIF-Aryl:PDI
(triangles) systems for photoexcitation of the samples at a) 390 nm and b) 530 nm. All films are
deposited on quartz substrates and annealed with the same conditions. In all cases the PDI content is
60 wt%.
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Table C3. EQE, and PL quenching efficiency as determined at two different wavelengths for the
annealed PIF-Aryl:PDI and TFB/PIF-Aryl:PDI systems.

Measured property PIF-Aryl:PDI TFB/PIF-Aryl:PDI
EQEsz0nm 16.6% + 1.3% 21.3% £ 1.1%
Dpp, (kexc; 530 nm) 94.7% 94.3%

EQE3z90nm 13.1% + 0.6% 12.8% + 0.4%
Dpp, (kexc; 390 nm) 87.2% 85.4%
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Figure D1. a) 1-T corrected photoluminescence (PL) spectra, b) integrated PL spectrum (Arange = 560 -
720nm) of the PBDTTT-CT: PDI (30:70) blend system annealed at 100 °C, with different vol. % of
DIO. The concentration of DIO varied from 0 vol. % to 1.2 vol. %.
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Figure D2. External quantum efficiency spectra of organic solar cell devices with photoactive layers
of PBDTTT-CT: PDI (30:70) blend system annealed at 100 °C, with different vol. % of DIO. In all
cases the device structure is glass/ITO/ZnO/PBDTTT-CT: PDI/V,0,/Ag.
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Figure D3. The main Figures of merit for organic solar cell devices with photoactive layers of
PBDTTT-CT: PDI (30:70) blend system annealed at 100 °C, with different vol. % of DIO. In all cases
the device structure is glass/ITO/ZnO/PBDTTT-CT: PDI/V,0,/Ag.

Figure D4. Atomic force microscope images of PBDTTT-CT:PDI (70:30) blend films scanned with
a length of 1um for different vol% of DIO. The photoactive PBDTTT-CT: PDI layers are spin coated
on the top of ITO/ZnO in an identical fashion as the devices are fabricated. The concentration of DIO
varied from 0 to 1.2 by vol%.
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Figure D5. Change in spectrally integrated PL intensity (Arange = 560-720nm) as the size of the PDI
aggregates in PBDTTT-CT: PDI (30:70) blend system varies by changing the vol. % of the DIO
content. The concentration of DIO varied from 0 vol. % and 1.2 to vol. %.
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Figure D6. Dark J-V curves of a) hole-only devices and b) electron-only devices, with photoactive
layers annealed at 100 °C temperatures. For the case of the electron-only devices the build-in voltage
value of Vy,; =1.5 Volts is used.
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Figure E1. a) Showing the normalized absorption spectrum (black line) and PL spectrum (black line
with circle) of pristine PDI film, and absorption (blue line) and PL spectrum (blue line with triangle)
of pristine PBDTTT-CT thin film, respectively. The excitation wavelength used to the PL of PDI thin
film is 532 nm and for PBDTTT-CT is 650 nm. b) shows the absorption coefficient spectrum of only
PDI, PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and PBDTTT-CT:PDI (50:50) films.
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Figure E2. a) Presents the PL spectrum for PBDTTT-CT:PDI (10:90), PBDTTT-CT:PDI (30:70) and
PBDTTT-CT:PDI (50:50), and for reference films; PS:PDI (10:90), PS:PDI (30:70) and PS:PDI

(50:50) ) at room temperature. b) 1-T corrected PL intensity of PBDTTT-CT:PDI (30:70) blend film
conducted in between temperature range 80 — 295 K.
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Figure E3. PL spectra of pristine PDI film are recorded in between 80 to 295K. The Gaussian fitting
for the PL spectrum is shown at 80K and similarly kind of fitting for PL spectrum at different
temperature. The resultant of the Gaussian’s and real PL spectrum are completely overlaps with fitting
accuracy 99.7% (Adj. R-square). b) Shows the integrated PL intensity and full width half maxima
(FWHM) for the first Gaussian curve in the PDI PL spectrum as function of temperature.

Figure E4. Shows the (a) confocal microscopy image (b) atomic force microscopy image in taping
mode for pristine PBDTTT-CT film. In confocal microscopy PBDTTT-CT film is excited with 532
nm laser and image was captured in reflection mode using 100X objectives. The film was spun on a
glass substrate and thermally annealed at temperature 100 °C for 15 minutes in glovebox.
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