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Synopsis

Renewable energy sources are prerequisites to achieving sustainable development goals
and net zero-emission. In the context of photovoltaics, conventional silicon solar panels
dominated the landscape, with organic and hybrid technologies gaining momentum due to their
versatile characteristics of facile-processing, semi-transparency and flexibility. Recent
breakthroughs in the design and development of novel non-fullerene molecular acceptors
(NFAs), starting from the ITIC in 2015, ushered a new era in bulk-heterojunction (BHJ)
photovoltaic research with power conversion efficiencies now approaching 19% for single-
junction BHJ organic solar cells (OSCs). The added features of a thicker active layer and higher
stability estimates of non-fullerene BHJs as compared to fullerene-based BHJs offer a viable
and potential commercial technology in the near future. Several challenges need to be
addressed in this regard, such as identifying and mitigating the non-radiative recombination
loss pathways and improving the stability. This thesis focuses on enhancing the efficiency and
stability of high performing fused-ring electron acceptors IT-4F and Y6 based binary bulk
heterojunction OSCs. Along with strategies to improve NFA-based OSCs efficiency, this thesis
investigates underlying mechanisms in the device degradation and proposes strategies to

mitigate the rapid deterioration of the device performance.

The first part of the thesis focuses on improving the efficiency of non-fullerene acceptor IT-4F
based OSCs with inverted device geometry. The contact selectivity improved by introducing
an optimized thin PC70BM layer in addition to the electron transport layer ZnO at the cathode
interface. The combination of ZnO and PC70BM layers between the cathode and BHJ active
layer can reduce charge transport barriers and significantly enhance short-circuit current

density and power conversion efficiency (PCE). The analysis of current-voltage characteristics
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under dark and illumination conditions indicates a reduced series resistance and enhanced
charge collection efficiency in the interlayer device. Impedance spectroscopy (frequency
domain measurement) and photocurrent noise spectroscopy (time-domain measurement) were
employed to identify the underlying charge transport and recombination dynamics. The
equivalent circuit modelling of the impedance spectra shows a significant reduction in the
charge transport resistance in the device with a PC70BM interlayer. A low level of photocurrent
fluctuations (~101* HzY) in the interlayer device compared with the control device (=10 Hz
1) correlates with the reduced charge transport barrier identified using the impedance
spectroscopy analysis. The study suggests the potential of PC70BM as an interlayer material to

further improve the performance of NFA IT-4F based OSCs.

In the next part of the thesis, a comprehensive investigation of light-induced and temperature-
induced degradation in non-fullerene acceptor IT-4F based OSCs, focusing on the initial period
of operation (‘burn-in’), has been studied. Unlike other PV technologies, ‘burn-in’ degradation
is a significant concern in OSCs. In certain combinations of D-A systems, more than half of
the initial PCE is lost during the ‘burn-in’ period. The magnitude of ‘burn-in’ degradation is
largely D-A system-specific and also depends on the device geometry and processing
conditions. This investigation focuses on the mechanism of light and temperature-induced
degradation in one of the highest stabilities established IT-4F based OSCs with the more stable
inverted device geometry. Monitoring current-voltage characteristics upon accelerated aging
stresses in inert conditions revealed that significant degradation occurs due to the UV
components present in the light illumination. Steady-state optoelectronic measurements and
spectroscopic studies provide significant insights into the degradation mechanisms. The
building-up of bulk and interfacial charge transport barriers upon accelerated aging was
identified using impedance and intensity-modulated photocurrent spectroscopy measurements.

Photochemical modifications of the active layer components monitored using FT-IR
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spectroscopy indicate weakening conjugation in the acceptor molecule IT-4F due to interaction
with UV-light. Further, attempts were made to understand the detrimental effects of the
commonly used solvent additive DIO (1,8-diiodooctane) in device degradation. Discerningly
tailored experimental condition provides considerable insights into the origin of degradation
from different aging stress factors. The study suggests the importance of preventing UV
components through suitable barrier layers or through luminescent downshifting to prolong

NFA-based OSCs lifetime.

The final section of the thesis focuses on improving the device performance using the ternary
blend strategy. Ternary blend strategy in which three photo-active materials constitute the
active layer is a route to enhance the photon harvesting without the fabrication complexities of
multi-junction devices. Ternary blend devices were fabricated by introducing the acceptor
molecule PC70BM as the third component in the PM7 donor and Y6 acceptor based OSCs.
Wide-bandgap PC70BM with complementary absorption significantly improved the open-
circuit voltage and the PCE of the binary OSCs. Insights into charge transport and
recombination dynamics in the devices are analyzed using steady-state and transient

techniques. Transient photocurrent results reveal a fast charge carrier extraction in the ternary
system with a time constant T ~ 730 ns, indicating reduced recombination and transport barrier.

The role of the third component, PC70BM, in the device stability is critical, and it has been
found that thermal stress acts as a dominant factor in degradation over the UV light in Y6
acceptor-based devices. The morphological modification of the BHJ active layer indicates a
suppressed interfacial recombination due to the third component, PC7BM, having a
comparatively high thermal transition temperature. Light and temperature-induced degradation
studies reveal the optimized BHJ morphology of ternary OSCs in prolonging the device
lifetime. This work emphasizes the potential of fullerene derivative acceptor PC70BM in

improving the efficiency and stabilizing the NFA based single-junction organic solar cells.



In summary, this thesis suggests methods to enhance device performance of non-fullerene
acceptors IT-4F and Y6 based OSCs using interfacial modification and ternary blend strategy.
A systematic study of the degradation mechanism in these devices and disintegration of the

influence of various aging factors suggests strategies to improve the stability.
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Chapter 1

Organic Solar Cells: An Introduction

1.1.  Green Energy and Solar Cells

Ever-increasing energy demand combined with the need to reduce CO, and other
greenhouse gas emissions requires mature renewable energy technologies.! It is estimated that
global energy consumption is expected to approach 27 TW by 2040.2 Green energy is a term
used to describe the energy that is being generated from natural sources such as Sun, wind and
water, which are constantly being replenished.® Green energy technologies offering a clean and
environmentally friendly alternative to fossil fuel-based energy sources are identified as the
solution for sustainable development. The most common green energy sources are solar power,
wind power, hydropower, geothermal energy, biomass and biofuels.* The enticing fact that the
amount of solar power striking the earth in an hour is more than the annual global power
consumption is persuasive enough to adopt technologies to harvest sunlight.® Photovoltaic (PV)
technologies which directly convert light into electricity using suitable materials capable of PV
conversion are vital in this regard. Today, solar energy is being harvested in different ways to
meet the energy demand at the domestic and industrial levels, such as by using solar cells and
solar thermal energy technologies, which directly convert light into electricity.®” The most
efficient and widely adopted way of harvesting solar energy is through solar cells. Solar cells
are electronic devices that produce current and voltage to generate electric power upon light
illumination. A variety of materials can satisfy the requirements of a solar cell, including

Silicon, GaAs, CIGS, CdTe, Organic Semiconductors, Perovskites, Dye/TiO2 and quantum dot



solids.®*2 The PV technologies or solar cells based on the above-mentioned materials represent
a wide spectrum and different generations of solar cells.™® On the basis of the PV materials
used in the solar cells and the technology, four generations of solar cells are defined.***® The
oldest commercially available PV technology or solar cells based on c-Si or GaAs wafers
constitute the first generation. Thin-film PV technologies such as the ones based on
polycrystalline silicon, CdTe and CIGS are referred to as the second generation of solar cells.
The third-generation solar cells are the emerging technologies such as organic solar cells and
DSSCs, which are not based on conventional p-n junction diode configuration to separate the
charge carriers. The fourth-generation solar cell technologies are based on the combination of
organic and inorganic materials such as polymer-nanoparticle composites.**® To date, Silicon-
based PV technologies are demonstrated to be the most efficient and commercially viable with
increasing large industrial and domestic users.'®-*® But many of the remaining technologies are
also potential candidates like organic semiconductor and hybrid organic-inorganic perovskite-

based PV technologies and are close to successful commercialization.

The core of any thin-film solar cell is the photon absorbing layer (active layer) which absorbs
photons of suitable energy and generates electron-hole pairs. The counter electrodes collect
these charge carriers, thus providing electric power to the external load. In a conventional p-n
junction solar cell, the electric field in the space charge region drives the photogenerated
carriers even in the absence of an external bias. The resulting photocurrent in the reverse-bias
direction generates a forward current in the presence of an external load (Figure.1.1). The
combination of these two currents produces a net current (1) in the reverse-bias direction in the

solar cell.

qV/
I=IL_IF=IL_IO(6 nKBT_l) (1)



where g is the charge of an electron, V is the voltage, Kg is the Boltzmann constant, T is the
temperature, lo is the saturation current and I and Ir are the photocurrent and forward current,
respectively. Here n is the ideality factor, incorporated for non-ideal or ‘practical’ diodes,
indicating the recombination mechanism in the diode. A conventional p-n heterojunction
(junction between two different semiconductors) solar cell is a combination of two materials
with different bandgaps, such as GaAs and AlGaAs also work similarly to enhance photon

harvesting.*®
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Figure.1.1. Schematic diagram of a conventional p-n junction solar cell with a resistive load.

The performance of a solar cell is assessed based on the efficiency and the lifetime of the
particular photovoltaic (PV) device. The power conversion efficiency (PCE) of a solar cell is

defined by the following equation:

PCE = P @)

Where Voc, Jsc, FF, and Pin represent the open-circuit voltage, short-circuit current density, fill

factor and input power, respectively. A detailed discussion of each of these parameters is



described in the following subsections. By convention, Pin is taken as 100 mW cm for the
characterization. The Voc, Jsc and FF can be determined from the current-voltage (J-V)
characteristics of a solar cell under AM1.5 Global, 1 Sun illumination (~100 mW cm?).
Figure.1.2 show a typical J-V characteristic of a solar cell under simulated AM1.5G
illumination (~100 mW cm). Inset shows the equation to calculate the FF, and geometrically

it defines the ‘squareness’ of the J-V curve.
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Figure.1.2. Typical current-voltage characteristics of a solar cell under simulated AM1.5G

solar illumination (inset shows the equation to calculate device fill factor).

1.2.  Organic Semiconductors and Organic Solar Cells

Ever since the discovery of electrical conductivity in organic semiconductors, which began
with the observation of electroluminescence in anthracene in the 1960s and later in
polyacetylene in 1977, these classes of materials have been of interest over the last five
decades.?>% Organic semiconductors are carbon-based materials which exhibit
semiconducting properties owing to the presence of conjugated molecules. These materials are
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earth-abundant and versatile in terms of processing for various applications, making them
attractive in optoelectronic applications. Optoelectronic devices based on organic
semiconductors can be fabricated on flexible substrates and glass, enabling a niche of
applications, including bioelectronics and wearable electronics. Contrary to the inorganic
semiconductors such as covalently bonded silicon or III-V, organic semiconductors are based
on weak intermolecular forces such as van der Waals interaction, which defines a
fundamentally different charge transport mechanism. Organic semiconductors can be classified
into small molecules or oligomers and polymers based on the chemical complexity of the
material.?#% The crucial characteristic of organic semiconductors is the presence of sp’-
hybridized carbon atoms, which form a conjugated system with delocalized © electrons.?6%
The electronic configuration of the C atom (1s? 2s? 2p?) indicates four valance electrons having
sp?-orbitals in a triangular planar configuration, with the final electron occupying a
perpendicular 2p; orbital. The hybridization between the 2p; orbitals results in weaker n
(bonding) or n* (anti-bonding) orbitals. In the ground state of the molecule, the = orbital is
occupied and is called as highest occupied molecular orbital (HOMO), and the unoccupied n*
orbital is called the lowest unoccupied molecular orbital (LUMO). The energy difference
between the HOMO and LUMO levels is analogous to the bandgap in a crystalline material.
The delocalization of these n/n*-states over many carbon atoms is a measure of conjugation
length.?®> The electronic properties of the organic semiconductor are determined by the
interaction of these = electrons. For much of the inorganic semiconductors, the quality of band
structure and resulting electronic properties are highly sensitive to the defects, indicating
processing of these materials is expensive and energy-intense. On the other hand, organic
semiconductors are intrinsically semiconducting, and the optoelectronic properties largely
depend on the molecule itself than the processing condition, which enables them to be tolerant

to defects and impurities. However, low-temperature solution-processed organic



semiconductor thin films also need to be optimal for desired optoelectronic properties as the

crystal packing and nanomorphology play a critical role in the performance of devices.?>2°

Figure.1.3. Schematic represent the Gaussian disorder model (GDM) and hopping transport of

carriers in organic semiconductors.

A set of properties distinguishes organic semiconductors from other crystalline materials,
including low dielectric constant (g, ~ 3-4), excitonic nature of the photoexcited species
exhibiting binding energy (> KgT) and charge carrier transport via hopping mechanism. Even
though the electrons are delocalized within the molecule, in the scale of the intermolecular
picture, electrons are localized, and the transport from one x system or molecule to the other is
through a hopping mechanism, and each m system acts as a hopping site.?® This intrinsic
characteristic of organic semiconductors, such as disorder and hopping charge transport
mechanism, has interesting consequences in the system, such as the increase in mobility with
temperature due to the influence of the thermally activated hopping processes.?® The widely

adopted model for the hopping transport in organic semiconductors is the Gaussian disorder



model (GDM) developed by Bassler et al.3® According to this model, the density of states

(DOS) is given by the relation,

_ Nite _(E _EO)Z
9(E) = Z= exp( — ) 3)

Where E is the energy, E| is the center of the DOS or mean energy Ng;¢. IS the concentration
of sites, and ¢ is the standard deviation of the distribution (Figure.1.3). This description of
charge transport (GDM) was successful in explaining many experimental observations and

photophysical processes in OSCs.%!
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Figure.1.4. Schematic depicting the device architecture of (a) bilayer, (b) binary bulk

heterojunction, (c) ternary bulk heterojunction and (d) tandem organic solar cells, respectively.

One of the earliest reports of solar cells using molecular semiconductors is by Tang et al.
(1986), where the first bilayer organic solar cell (OSC) was demonstrated by employing
organic semiconductor (CuPc and a PDI derivative) as the active layer with an efficiency of ~
1% under AM2 illumination conditions (75 mW cm).%? The device architecture was thin
layers of organic semiconductors sandwiched between counter electrodes. In any thin-film PV
technology, the device architecture consists of primarily the active layer sandwiched between
counter electrodes. The low-performance metrics of this bilayer OSC are due to the fact that
exciton dissociation occurs only at the interface of the donor and acceptor, coupled with low

carrier mobility in organic semiconductors leading to poor charge collection. In order to
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overcome the limitations of bilayer architecture, the concept of bulk heterojunction (BHJ) was
introduced.®® The BHJ concept utilized the inherent phase separation length scales of a two-
component polymer mixture. In the bulk heterojunction strategy, a blend of donor polymer and
acceptor molecule in a suitable stoichiometry forms the active layer of the OSC with the
advantage of an intercalating network of donor and acceptor interface throughout the film
(1995 by Heeger and coworkers).2® The bulk heterojunction strategy of two components can
be extended with one more donor (acceptor) element constituting the active layer and is known
as the ternary blend OSC.34% Apart from this, BHJ active layers with complementary bandgap
can be stacked in tandem with appropriate interconnecting layers to improve the device
performance called the tandem organic solar cell.®® The Schematic in Figure.1.4 depicts the

different types of OSC architecture with representative morphology.

1.3.  Bulk Heterojunction Organic Solar Cells

The concept of bulk heterojunction (BHJ) has enabled the design of donor and acceptor
components suited to achieve the high efficiency of OSCs. This strategy has been a prerequisite
for recent highest-performing devices that uses the BHJ concept. In this section, an overview

of the fundamentals and working principles of BHJ-OSCs are discussed.

1.3.1. Fundamentals of BHJ Organic Solar Cells

The low device performance of bilayer OSCs is restricted by the limited D-A interface area to
roughly a single plane, and weak charge collection as the dissociated carriers have to travel a
long distance to reach the respective electrodes.®” The concept of bulk heterojunction (BHJ)
revolutionized the field of OSCs due to the excellent charge generation potential. The BHJ is

a blend of donor and acceptor molecules with interpenetrating nano-scale donor-acceptor
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phases. BHJ strategy provides a network of D-A interfaces distributed throughout the thin film
suitable for exciton dissociation upon photoexcitation.?® The primary processes involved in

BHJ OSCs can be summarized as follows:

1. Photo-absorption

2. Exciton generation

3. Exciton diffusion to the donor-acceptor interface
4. Exciton dissociation into free charge carriers

5. Charge transport

6. Charge collection at the respective electrodes

In brief, upon the photon excitation, photons having energy above the material bandgap will
be absorbed, and Frenkel-type singlet excitons will be generated in the active layer almost
instantly. The key difference in the OSCs as compared to the inorganic systems is that the
photo-absorption leads to the formation of the strongly bound excitons, a localized excited
state. In order to maximize the photo absorption, D-A materials with a high absorption
coefficient in a wide absorption window are desired. The optimization of different layers with
regard to optics in the device architecture is also critical to maximize photo-absorption. The
exciton travels to the nearby D-A interface and gets quenched in the femtosecond (fs) time
scale. This leads to the formation of an interfacial charge transfer (CT) state and eventually the
dissociation and formation of spatially separated charge carriers. The critical requirement for
this process is the optimum energetic offset larger than the exciton binding energy in the
LUMO levels (HOMO levels) for electrons (holes). Further dissociation of the bound charge
pair is activated by temperature, leading to the generation of free charge carriers. If the
Coulombically bound CT exciton does not dissociate within its lifetime, geminate
recombination occurs, leading to an energy loss in the device. In a typical BHJ organic solar
cell, geminate recombination of CT exciton occurs in a time scale of 100 fs-ns. Further,

9



additional energy loss due to non-geminate recombination along with the geminate
recombination loss can significantly reduce the device performance, including low FF and
quantum efficiency. The free charge carriers thus generated travel through the material and
eventually collected at the respective electrode giving rise to photocurrent in the external
load.®® Figure.1.5. depicts a BHJ organic solar cell device architecture in inverted geometry

(anode on top) with the electron transport layer and the hole transport layer.

Acceptor

% Exciton ITO/Substrate

Figure.1.5. Graphical representation of the device architecture of bulk heterojunction organic

solar cell in an inverted device geometry.

The photo-physics of organic solar cells, from the phot-excitation to the formation of a charge-
separated state (CS), is fundamentally different from that of its inorganic counterpart and
necessary to discuss with the timescales involved.®®%° The photoexcitation almost
instantaneously generates excitons which are vibrationally excited and known as hot excitons.
The hot excitons relax to the vibrational ground state in ~ 100 fs time scale leading to exciton.*!
If the exciton generation occurs in the vicinity of the D-A interface, then the hot exciton
dissociates with extra free energy according to the Frank-Condon principle. The singlet
excitons generated upon photoexcitation can also diffuse to the D-A interface in the picosecond

(ps) time scale, and hence the active layer morphology with a sufficient number of D-A
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interfaces and optimum domain sizes is necessary for efficient device performance. The

diffusion length of excitons in a typical organic solar cell is estimated to be nearly 10 nm.
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Figure.1.6. The schematic diagram depicts the possible ways to form a charge-separated state
(CS) from the singlet exciton in the donor molecule: Sp and S1 denote the singlet ground state,
and the first excited state, geminate recombination to the triplet state (T1) from charge transfer
(3CT) state is possible (spin mixing of !CT and CT) as indicated (adapted from ref.42).

At this point, instead of diffusing to the D-A interface, the singlet excitons can undergo
radiative recombination as well. When a singlet exciton successfully reaches a D-A interface,
an ultrafast quasi-adiabatic electron transfer process with a time scale of fewer than 100 fs
occurs. The electron transfer leads to the formation of a charge-transfer (CT) state in which the
electron is in the LUMO of the acceptor and the hole in the HOMO of the donor at the D-A
interface. The CT exciton can directly dissociate into free electrons and holes through a hot
electron transfer process typically in the timescale of fewer than 50 fs. Also, the CT exciton
can thermally relax to the ground state CT (timescale ~ fs-ps) and eventually, either charge
separation or geminate recombination occurs.*?** As mentioned earlier, the CT excitons have

a Coulombic barrier due to the low dielectric constant of organic semiconductors given by,
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where ¢, is the dielectric constant, e is the charge of an electron, ¢, is the electric permittivity
of free space, and r is the electron-hole separation distance. This mutual interaction of CT
excitons results in a part of excitons suffering geminate recombination in a time scale of ~ 100

ps — 100 ns.3% 4

Immense efforts to understand the exciton formation and dissociation in the BHJ blend coupled
with sensitive experimental tools have provided insights into these processes.*! 454 The most
important frameworks describing the exciton formation and dissociation in the BHJ blend are

Marcus theory of electron transfer and Onsager theory of charge pair dissociation.*’

The Marcus theory of electron transfer was historically introduced to describe the charge
transfer process in electrolytes and was later successfully used to explain the charge transfer in
0SCs.>°! The semiclassical approach of the Marcus theory treats the nuclear motion
classically and the electron coupling quantum mechanically, and the irreversible nature of the
charge transfer treats the electron transfer rate as a kinetic parameter rather than a
thermodynamic one. The relation between the activation energy barrier with Gibbs free energy

and reorganizational energy (A) is given by the equation,

agt = A0 o
4A

AGP° represents the total Gibbs free energy change between the initial and final states or the

driving force of the charge transfer process, and the reorganizational energy A is the free energy

change associated with the relaxation (the reorientation of the dipoles) of the molecular dimer.

The electron transfer rate (kgr) according to this framework arrived from the Fermi-Golden

rule is expressed by the relation,
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kegr = —h\/mvezc €xp ( AAKT
Where Ve is the electronic coupling term and can be considered as the intermolecular hopping
integral and depends on the extent of electron wave function overlap between donor and
acceptor molecules. The Frank-Condon term (exponential term in kg;) shows that as —AG°
increase the rate of electron transfer process also increases, and when A = —AG? the reaction
occurs without any activation barrier. When —AG°® > A the electron transfer rate decreases
and is known as the ‘inverted regime’. In a modification to electron transfer rate by Holstein et
al., assuming AG® = 0 for the carrier transport, the barrier reduces to A/4 and for thermal
activation. Thus, making Vec and A are crucial molecular parameters in charge transport

processes and molecular design.®>3

The Onsager theory of charge pair dissociation takes into account the geminate recombination
and quantitatively estimates the bound pair dissociation probability.>*® The coulomb capture
radius (Rc) is defined as the length scale at which the Coulomb interaction between the electron

and hole pair is equal to the thermal energy present given by the relation,

82

Rc = aneK,T (7
Where e is the charge of the electron, ¢ is the electric permittivity is the Boltzmann’s constant
and T is the temperature.>’ In this macroscopic field-dependent CT exciton dissociation
framework, the charge pair is assumed to be fully separated if the thermalization length scale
is larger than Rc at a given temperature. It is assumed that upon photoexcitation, localized hole
and hot electron bound pair are formed, the electron thermalizes to a distance and competition

between dissociation and geminate recombination begins in the system. If the thermalization
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length scale of the bound pair is less than Rc, then dissociation occurs with a probability P(F)

given by,

kg Kq(F)
ka + Ky Kg(F) + (un)T (8)

P(F) =

Where k¢ is the geminate recombination rate, k, is the field-dependent dissociation rate, u is

the sum of electron and hole mobilities, t is the CT exciton lifetime and k; = u k;(F). At the
same time, 1- P(F) represents the probability of geminate recombination to the ground state.
For homogeneous systems, the estimation of charge dissociation probability using this model
was found to be valid, but in organic BHJ systems, this framework results in the overestimation
of Rc and the precision of the calculation is limited. Several modifications have been made to
this model to include system-specific experimental observation, and each carries its own

limitations,%5-56: 58

The open-circuit voltage is the maximum voltage a solar cell can deliver to the external circuit,
and it is an important parameter determining the PCE of a solar cell. Under a steady-state light
illumination and open circuit (net current drawn from the device is zero) condition, all the
generated free charge carriers accumulate at the respective electrodes forming a potential
difference which balances the built-in potential. The carrier generation and recombination will
balance each other under this condition, and no net current exists inside the device. The
potential difference thus created between the counter electrodes during this quasi-equilibrium

state represents the Voc of the device.?®
Vor = 1 E E
oc —( Fn — Fp) (9)

Where Ernand Erp are the electron and hole quasi-Fermi levels, respectively.
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In OSCs, the presence of a large number of electronic traps in the tail states within the bandgap
causes a shift in the quasi-Fermi levels, unlike crystalline semiconductors. The distribution of
photogenerated charge carriers in these trap states results in a downshift of Ern and upshift of
Erp and consequently a reduced Voc in the device. This makes the direct estimation of Voc
from the quasi-Fermi level difficult in OSCs. On the other hand, various factors such as
molecular energetics and charge transfer state (CT-state) at the D-A interface influences the
Voc directly with a clear correlation. Charge carrier recombination in the device, reverse
saturation current, illumination intensity, temperature, the work function of the electrodes,
carrier density, energetic disorder, crystallinity, microstructure, and morphology are also

among the factors influencing the Voc.%%-2
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Figure.1l.7. The Schematic depicts the orbital energy levels of the donor and acceptor

molecules and the open-circuit voltage loss in a typical organic solar cell (adapted from ref.44).

Attempts to quantify and trace the origin of voltage losses in OSCs has been an important
aspect since the voltage loss is significant (~ 0.6 — 1.0 eV) as compared to the silicon-based
and hybrid perovskite-based solar cells. The main loss in Voc in OSCs is associated with the
energetic offset of the donor-acceptor interface and the dominant non-radiative recombination
in the system. With the arrival of NFAs, the exciton dissociation and charge generation were
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able to achieve with negligible energy offset, indicating high Voc can be obtained by

suppressing non-radiative recombination losses effectively.°

The Voc can be related to the recombination losses using the following expression,
1
Voc = E(ECT — AErqq — AEyon—raa) (10)

Where Ecr is the charge transfer state energy, AErad i the radiative recombination loss which
is nearly 0.2 - 0.3 eV, and AEnon-raq is the non-radiative recombination loss.%354 Here, the upper
limit to the Voc is the CT state energy which accounts for the carrier generation loss in the
OSCs. According to the principle of detailed balance, every solar cell must have a voltage loss
associated with radiative recombination and Ect - AErad Sets the maximum achievable Voc in
the device.* The presence of any additional voltage loss in the device is attributed to the non-
radiative recombination and must be reduced to enhance the device performance.>! 4 The
non-radiative recombination can include both geminate (mono-molecular) and non-geminate
(bimolecular) recombination losses. Geminate recombination refers to the recombination of
carriers generated in a single photogeneration event, and non-geminate recombination refers to
the recombination between carriers from two independent events. The geminate recombination
occurs mostly in the pristine donor or acceptor phase, as the exciton may recombine before
successfully reaching a D-A interface.** ®567 Spectroscopically, the geminate and non-
geminate recombination dynamics are sensitive to the light intensity and can be distinguished
to an extent. This is due to the fact that the CT state, bound charge pair, is nearly localized and
immobile at the interface, whereas non-geminate recombination becomes dominant at higher

carrier densities or at higher light intensity.°

It must be noted that the understanding of the origin and pathways of non-radiative

recombination loss in OSC is still low, and strategies to mitigate non-radiative recombination

16



are an imperative research goal.®® In order to quantify the non-radiative recombination loss, the
quantum yield of electroluminescence emission from the device can be utilized using the

relation,

AV _ KBTI 1
non-rad — q n (EQEEL) (11)

Where EQEEeL is the external electroluminescence quantum efficiency, Kg is the Boltzmann’s
constant, q is the elementary charge and T is the temperature. The EQEgL of the OSC can be
measured by applying forward injection current, and if the non-radiative recombination loss is

negligible, then the EQEg. approaches unity.58-6°

The external quantum efficiency (EQE) of a solar cell is defined as the ratio of the number of
charge carriers collected from the solar cell (collected carrier flux) to the number of incident
photons (incident photon flux). The EQE provides information on the various processes
involved in charge generation and collection in an operating device.®” Thus, the EQE can be

considered as the combined efficiency of six processes in the device:

1. Photon absorption efficiency (np4(4)):

2. Exciton diffusion efficiency (ngp (T)):

3. Charge transfer efficiency (n¢r(1)):

4. Charge dissociation efficiency (ncp(F,T)):
5. Charge transport efficiency (ncp(F, T)):

6. Charge collection efficiency (n¢c(F)):
EQE (1) = npa(2) 1QE (4,T) (12)

IQE (A4, T) = ngp(T) ner (D) nep(F, T) nep(F, T) nec (F) (13)
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The internal quantum efficiency (IQE) is defined as the ratio of the number of charge carriers
collected from the solar cell (collected carrier flux) to the number of photons absorbed. The

IQE represent the electrical processes within the device, provided the np4(A) is corrected for
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Figure.1.8. Graphical representation of the photophysical processes involved in the
photocurrent generation in a bulk heterojunction organic solar cell (efficiency of these
processes determines the external quantum efficiency and the magnitude of short circuit current

in the device).
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parasitic absorption. In order to have high EQE, both optical absorption of the BHJ active layer
and IQE needs to be simultaneously optimized. The thickness of the BHJ active layer is another
critical parameter in this regard, as the charge carrier collection must balance with the carrier
lifetime. In organic semiconductors, the charge carrier mobilities are orders of magnitude less
than inorganic counterparts, indicating that thin layers are necessary for efficient carrier
extraction. The optimum thickness of the BHJ active layer can be determined by considering
the carrier lifetime and transit time. In general, the thickness of the BHJ active layer in OSCs
is of the order of ~ 100 nm, a dimension similar to the wavelength of light in the visible region
of the spectrum. Another critical parameter is the complex refractive index (n+ik) of the various
layers in the device as it influences the optical field distribution and, consequently, the shape
of the EQE spectrum. It must be noted that the optical distribution in the BHJ active layer is
not a simple exponential decay profile as described by the Beer-Lambert law; rather, it is
dependent on many other optical properties (n and k) and thickness of the layer. The back
electrode reflection of the light makes the cavity resonance critical to enhancing the photon

harvesting and high quantum efficiency in the device.%

The short-circuit current density can be calculated from the EQE spectra using the relation,

A2
Jsc = ;—Z EQE(A) ¢p(1) 2 dA
I

(14)

where q is the elementary charge, h is the Planck’s constant, c is the velocity of light, A is the

wavelength and ¢ (1) is the AM1.5G spectral radiation.
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Figure.1.9. The equivalent circuit model of a bulk heterojunction organic solar cell.

The fill factor (FF) of a solar cell is an important parameter determining the device efficiency,

and it is calculated using the relation,

_Jup X Vyp

FF =
Jsc X Voc (15)

where Jup and Vvp represent the current density and voltage at maximum power point in a
typical J-V curve under illumination conditions. Various factors control the FF of a typical
organic solar cell, and their influences are usually intertwined, making the estimation
difficult.”%"2 The estimation of FF from the equivalent circuit model of an OSC can provide a
reasonable insight. An ideal solar cell can be considered as a constant current source with a p-
n junction diode connected in parallel. This representation must be modified when dealing with
practical solar cells having loss channels. Primarily two parasitic resistance, a series resistance
element (Rs) and a shunt resistance element (Rsp), are introduced to account for the charge
extraction resistance at the active layer-electrode interface and leakage resistance, respectively
(Figure.1.9).” In the circuit model, Ipn represents the photocurrent, and Isc is the short circuit

current

Iy = Iph —Ip — I (16)

20



Importantly, the circuit elements series resistance (Rs), shunt resistance (Rsh) and diode are
relevant to the device FF.”* A typical J-V measurement of a solar cell in the dark exhibit p-n
junction diode characteristics, and under illumination, a combination of dark and photocurrent

constitute the J-V curve (Figure.1.10).

semi-logarithmic plot of dark J-V
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Figure.1.10. Typical current-voltage characteristics of bulk heterojunction organic solar cell
under dark and illumination conditions and the same dark J-V curve plotted in a semi-
logarithmic scale (adapted from ref.77).

From the equivalent circuit, the J-V curve can be constructed using the relation,

10 = Jo[exw (57) = 1] = Jon @)

Solving this relation at maximum power point can provide an expression for FF of an ideal

solar cell without Rs and Rshis given by,

Voc — In(voc + 0.72)
Voc + 1 (18)

FFO ==

Where vy, = qVOC/KBT is a dimensionless quantity. The above expression for an OSC will

result in significant overestimation and needs to be modified.”>"® The introduction of parasitic
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resistance Rs, which is attributed to the resistance offered by the bulk of the active layer,
contacts and the active layer-electrode contact resistance and Rsn is attributed to the current

leakage induced by the pinhole in the OSCs modifies the expression for J(V) to,

JO) = Jo [exp (I?TVT) = 1] Sy ;SZLRS (19)

In this scenario, the J-V curve can be divided into three separate regions, as shown in the semi-

logarithmic plot of the dark J-V curve in Figure.1.10. Region A is almost a straight line

dominated by the shunt resistance, and the slope is given 1/R o followed by an exponential
N

region (region B) governed by the diode characteristics and at higher voltages (region C)

another straight line with slope ~ 1/R . The J-V curve under illumination can be visualized as
S

the dark J-V curve moved down by Jph, if the photocurrent does not vary with the applied bias
voltage. As mentioned earlier, the FF is the ‘squareness’ of the J-V curve under illumination in
the fourth quadrant, indicating a low Rs and high Rsy can modify the slope of regions A and C

s0 as to exhibit a better FF.” 77

The modification of the expression for the J-V characteristic, including the diode ideality factor
(n), which accounts for the recombination in the device, further modifies the FF. The diode

current in a practical solar cell is given by the equation,

JV) =Jo [exp (nI(ZT) - 1] (20)

A system with negligible recombination losses indicates a value of n ~1, but in practical solar
cells with significant recombination present, the value of n will be in the range of 1-2.”® Many
semi-empirical relations based on the equivalent circuit model can be seen in the literature. In

essence, the parameters Rs, Rsh, n, and Jo influences the FF of an OSC significantly. The
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competition between the carrier extraction and recombination in an OSC can thereby control
the device FF, and a nearly ohmic transition at the active layer-electrode interface is essential

to achieve high FF in OSCs.’* "®

1.3.2. Device Modelling of BHJ Organic Solar Cells

Device modelling of OSCs serves the purpose of providing considerable insights into processes
which are difficult to probe using experimental techniques. The underlying principles of device
modelling in OSCs are similar to many other thin-film solar cell technologies due to their
commonalities. Irrespective of whether inorganic or organic thin-film solar cells, the
architecture consists of a thin photo absorber layer, either an intrinsic or doped semiconductor
sandwiched between two suitable electrodes.®’ However, the distinct characteristics of organic
solar cells stem from the properties of organic semiconductors that can be incorporated into
these models to optimize the simulation.8%-#2 In general, when a photoactive layer is sandwiched
between counter electrodes, a built-in electric field will come into existence that helps the
process of charge separation. The simulation of OSCs using the drift-diffusion model is based
on the drift and diffusion of the charge carrier population in which the drift of carriers is in
response to the electric field, whereas the diffusion represents the random thermal motion of
charge carriers due to concentration gradient.%> The fundamental equations governing the

processes are Poisson’s equation and continuity equations given below,

’p  —p

Erary @)
dn 1dJ,
ar TR 22)
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d 1dJ

w=C Ry 23)
Where ¢ is the electric potential, g is the elementary charge, p is the charge carrier density, €
is the electric permittivity in the material, G and R represent the carrier generation and
recombination rates, n and p denote the electron and hole density and J, and Jp are the current
density due to electron and hole respectively. Poisson’s equation establishes the relation
between electric potential and space charge density, while the continuity equations represent
the conservation of electron and hole density. Here x is the coordinate normal to the device
plane, and t is the time. Under steady-state condition, dn/dt = dp/dt = 0 and the continuity

equations can be written as,

—1dJ,(%) d?n(x) dn(x)
1dJ,(x) d?p(x) dn(x)
T = Dy Fity = = ()~ R(xn p) (25)

Where Dy and Dy represent the diffusivity, pn and U, represent the mobility of electron and
hole, respectively, and F is the electric field. Here the drift and diffusion components of the
current are separately represented, and the diffusivity and mobility are related by the Einstein’s

equation:

_ KB T.un,p

np T T, (26)

By applying suitable boundary conditions to the above continuity equations and Poisson’s
equation for carrier densities and potential at both the contacts, meaningful simulation can be

performed, and insights into the underlying physical processes can be obtained.
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Approximations based on the mobility-lifetime product which are widely employed in
inorganic semiconductor-based solar cells, were also implemented to gain insights into the
device physics of OSCs. The charge collection efficiency is dependent on the mobility of the
carriers and their lifetime, and a higher mobility-lifetime product ut is desirable for high
photocurrent in the device. Here u represents the mobility of both electron and hole, and the

lifetime of electron and hole is assumed to be nearly the same.

HT = [T + PpTh
(27)

Under an electric field, the effective length scale a carrier can travel can be approximated as

Lgyire = ut before the carrier suffers recombination.

Apart from this, higher dimensional such as 2D and 3D modelling can also be found in the

literature, which importantly includes the microstructure of the active layer in the simulation.

1.3.3. Principle of Detailed Balance and Shockley-Queisser limit

It is important to discuss in this context the maximum efficiency that can be achieved from a
single junction solar cell. According to the thermodynamic principles, the Carnot efficiency is
estimated to be ~ 95%, assuming a source of temperature ~ 6000 K (at the surface of the Sun)
and a sink of temperature ~ 300 K.8 But under realistic conditions, this efficiency seems to be
very less and the first of its kind of calculation trace back to the seminal paper by Shockley and
Quiesser in 1961 when calculated the theoretical limit of efficiency of a single p-n junction

solar cell.®58 The calculation was based on the following assumptions:

i.  An ideal photon harvesting in which every single absorbed photon generates an
electron-hole pair in the device

ii.  Perfect charge collection in the device
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iii.  Radiative recombination is the only recombination mechanism in the system

These assumptions imply that all the absorbed photons result in collectable charge carriers and
as the recombination process involved in the system is only radiative indicating maximum
carrier lifetime. In this scenario, as there is no non-radiative recombination, the splitting of the
quasi-Fermi level and the Voc will be maximum. The calculation shows a PCE ~ 30% for an
optimal bandgap of ~ 1.1 eVV. Many attempts to include real-condition physical processes and
to estimate a more accurate practical limit to the efficiency of the solar cell were made in the
later years. One such attempt by Archer et al. by considering AM1.5G solar spectra instead of
black body radiation, estimates an upper limit of PCE ~ 33.7% for an optimal bandgap of ~
1.34 V.88 Figure.1.11. shows the dependence of J-V parameters on the bandgap of the

absorber and J-V characteristics of such as solar cell under AM1.5G solar illumination.8®

As far as OSCs are concerned, many loss mechanisms, including significant non-radiative
recombination loss and the excitonic nature of the charge pair, set the upper limit much lower
than the values predicted in the above calculations. Various empirical models to predict the
upper-efficiency limit in BHJ OSCs can be found in the literature, with the calculated PCE
ranging from ~10-25%.% One such calculation by Coakley and McGehee in 2004 assuming an
energy loss of ~ 1 eV during the charge transfer process from donor to acceptor LUMO predicts
a PCE ~ 15% for an absorber of bandgap ~ 1.75 eV.% By introducing an empirical relation for
Voc relating to material energetics, with input mainly from PCeBM as the acceptor in
combination with a large number of donors, Scharber et al. predicted an upper limit to PCE ~

10%. The empirical relation used in the calculation was

1
Voc = ;(EgOMO - E24UM0) —-0.3 (28)

Where ER oy 0and Efi;u0 are donor-HOMO level and acceptor-LUMO level, respectively, with

a voltage loss of 300mV.% Later, in 2009, Kirchartz et al. calculated the radiative efficiency
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Figure.1.11. Summary of Shockley-Quiesser limit analysis (a) bandgap dependence of J-V
parameters, (b) graphical representation of losses in harvesting AM1.5G solar spectra, ()
variation in power conversion efficiency with absorber bandgap and (d) J-V characteristic of a
solar cell with ideal bandgap ~1.337 eV under AM1.5G illumination (adapted from ref.89).

limit in BHJ OSCs and proposed that efficiency could exceed 20% and pointed out several loss
pathways leading to low PCE (the system used for the analysis only exhibited PCE ~ 4.2%).%
These pathways are the loss associated with absorption, exciton dissociation losses, non-
radiative recombination losses and charge collection loss due to low carrier mobilities. Also,
an analysis by Vandewal et al. predicted a PCE ~ 28% by estimating the radiative limit in some
low bandgap absorber blends using the detailed balance framework coupled with CT state
emission.? These series of analyses reveal that under appropriate conditions, even OSCs can

have efficiency close to their inorganic counterparts.*

27



With the advent of novel NFAs with significantly reduced recombination losses and carrier
generation with a negligible energetic offset, such as ITIC derivatives or Y6 family in
combination with PBDB-T series of donors, PCE ~ 20% is predicted to be within reach.® This
excellent improvement is mainly driven by the development of novel D-A materials, and drift-
diffusion simulation studies show that the immediate requirement is the balanced charge carrier
mobility of the order of ~ 10 cm?/Vs and further reduced non-geminate recombination (rate
constant ~ 10712 cm?s). This appears to be achievable with the above-mentioned material

combinations indicating OSCs will be a front runner in PV technologies in the near future.®

1.4.  Non-Fullerene Acceptors

Over the years, insights into the device physics of OSCs have been gained from the model
system with fullerene derivatives (PCsoBM or PC70BM) as the acceptor molecule. The arrival
of non-fullerene acceptors brought many puzzles that the scientific community still needs to
understand, such as the negligible driving force required for the exciton dissociation and
challenges such as identifying and mitigating the non-radiative recombination loss pathways.5
In this section, some of the important non-fullerene acceptors and their salient features in the

device perspective are outlined.

1.4.1. Fullerene versus Non-fullerene Acceptors

For the past two decades, OSC research has been dominated by employing fullerene derivatives
such as PCsoBM or PC7BM as the electron acceptor.®®®” Advancements in the device
performance were achieved largely by the design and synthesis of polymer donors. The
polymer:fullerene OSCs were able to achieve PCE of over 11% during this period, and much

of the device physics was understood using this model system.%-%°
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Figure.1.12. The chemical structure of (a) fullerene derivative acceptor molecule PC70BM, (b)
non-fullerene acceptor molecule ITIC and (c) non-fullerene acceptor molecule Y6,

respectively.

The high electron mobility, the spherical structure of the molecule (3D character) and LUMO
level are suitable for the exciton dissociation with most of the donors and favourable for
balanced charge transport and optimal microstructure. Despite having these remarkable
features intrinsically, there were many limitations to the fullerene derivative acceptors.*®
Importantly, these sets of acceptors have no significant absorption in the visible region of the
solar spectrum. Apart from this, the chemical modification of the molecule is not
straightforward, resulting in synthetic complexity and considerable limitation toward the
bandgap tunability (tuning the LUMO level). The Purification of fullerene derivatives,
particularly PC70BM, is time-consuming, resulting in a high cost of material, making it difficult
to achieve commercial viability. Further devices with fullerene derivatives as the acceptor show
significantly low thermal stability and photostability.*°* The high sensitivity of fullerene
derivatives to light and oxygen sensitivity and rapid aggregation of fullerene molecules in the
active layer severely affects the charge transport and limits the device lifetime.1%219 These
factors were constantly persuading the scientific community for the design and development
of acceptors with strong absorption in the visible region of the spectrum complementary to the
donor and readily tunable electronic energy levels. Many attempts in this direction enabled the

development of several sets of high-performing non-fullerene acceptors (NFAs).104-105

29



—o— PC, BM film

1.0 48
—o— | T-4F film

Normalized Absorption

0.0
e T | I ! | e o,
300 350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure.1.13. Typical normalized absorption spectra of fullerene derivative acceptor molecule
PC70BM and non-fullerene acceptor I1T-4F thin films.

This includes rylene diimides such as perylene diimides (PDI) and naphthalene diimides (NDI),
fused ring electron acceptors (FREAs) and non-fused ring electron acceptors (NFREAs).104 106-
197 The FREAs such as ITIC and Y6 molecules brought in a paradigm shift with excellent
improvements in PCE outperforming the fullerene-based devices, and PCE over 19% has been
reported to date.1%®1!! The development of the ITIC molecule in 2015 thus marked a milestone

in the OSC research.!'?113 The major advantages of NFAs over fullerene derivatives are:

= Absorption in the visible and NIR region of the spectrum with a high absorption
coefficient (~ 10° Mcmt),100. 114
= Synthetic flexibility to tune the electronic energy levels matching appropriately with

the polymer donors.!*®
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= Molecular design with strong intramolecular charge transfer effect.1®
= Molecular design is suitable for fine-tuning crystallinity and miscibility.*'’
= High molecular weight is suitable for robust film formation and excellent thermal

stability in the blend.®

The absorption spectra and electronic energy levels can be tuned readily by changing the push-
pull strength in the NFA molecules. The ease of bandgap tunability in NFAs resulted in the
synthesis of a large pool of acceptor molecules with significant enhancement in the PCE.!°
Along with some of the newly developed donors like PBDB-T and D18 having complementary
absorption and excellent charge transport properties, it appears that the efficiency of over 20%
is within reach using NFAs.®® Figure.1.13. show the normalized absorption spectra of
champion fullerene derivative PC70BM and the NFA molecule IT-4F. The strong absorption in
the visible and NIR region and high absorption coefficient enables superior photon harvesting
in NFA-based OSCs. Further, an analysis of the absorption spectra of ITIC derivatives
demonstrates excellent tunability and potential to blend with a large spectrum of donors and

compatible acceptors in binary and ternary strategies, respectively.?°

1.4.2. Various Types of Non-Fullerene Acceptors
Rylene diimides

Perylene diimide (PDI) small molecules, perylene diimide (PDI) polymers, and naphthalene
diimide (NDI) polymers belong to this class of NFAs.?! The history of rylene diimides can be
traced back to the very first bilayer OSC in which a perylene diimide based acceptor was used
by Tang and coworkers in 1986.3? The early developments in rylene diimides were limited by
the PCE of the solar cell employing these acceptors, while fullerene derivatives were

performing comparatively better in BHJ OSCs. 12
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Figure.1.14. The chemical structure of rylene diimide electron acceptors (a) PDIN and (b)
PNDITF-3N, respectively.

Despite having strong absorption in the visible region, one of the important reasons behind this
efficiency lag for rylene diimides was rapid morphological evolution with strong aggregation
behaviour and a tendency to form large crystals in the BHJ active layer. The 3D molecular
structure of fullerene derivatives forms intercalating pathways for efficient charge transport
with a large number of donors, while the 2D planar structure of rylene diimides with strong
aggregation behaviour possessed a poor active layer morphology leading to weak charge
separation and transport. Nevertheless, these shortcomings of early NFAs emerged as design

rules for the high-efficiency NFAs developed recently, 07 112,122

Fused ring electron acceptors (FREAS)

Acceptors like ITIC and Y6 have multiple fused rings in the core of the molecule, and this
central core has some of the key functionalities.’®® ' The presence of this donor unit in the

32



core of the molecule primarily enables a strong intramolecular charge transfer effect. The
intramolecular charge transfer effect can improve the absorption and extend to the NIR region.
Further, the coplanar backbone of the molecule helps the delocalization of 7 electrons and
enables strong intermolecular n-w interactions resulting in improved charge transport. In

FREAs importantly, two types of molecular design are present: A-D-A and A-DA’D-A models.

m-ITIC Y6 (BTP-4F)

A-DA'D-A type

Fused Ring Acceptors

Figure.1.15. The chemical structure of fused-ring electron acceptors m-ITIC and Y6,

respectively (adapted from ref.64).

Figure.1.15 show the chemical structure of ITIC and Y6 acceptor molecules, which are
employed in recently reported high-efficiency OSCs. The ITIC molecule and its derivatives
belong to the A-D-A type, which constitutes a central electron-donating core unit (D) and two
electron-withdrawing acceptor units (A) as the end groups. The modification of the push-pull
strength of these D and A units can readily tune the electronic energy level and the absorption
spectra of the acceptor molecule. The fused core unit in this A-D-A type acceptor molecule is
indacenodithiophene (IDT) derivatives which improve absorption to the NIR region. The

electron-withdrawing end groups also play a crucial role in deciding the morphology and
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solubility of the acceptor and tuning the electronic properties. The molecular design of the Y6
acceptor belongs to an A-DA’D-A design in which an electron deficit benzothiadiaole (BT)
unit is incorporated in the fused ring.'?® This modification can improve the D-A interaction
and, consequently, the charge carrier mobility. The presence of a pyrrole bridging group with
a strong electron-donating tendency help to upshift the HOMO level, thereby reducing the
bandgap. At the same time, the large alkyl chain attached to the N atom in the pyrrole group

significantly reduces the aggregation behaviour due to steric hindrance.!®

This feature of narrow bandgap in the Y6 acceptor molecule enabled a strong NIR absorption
and enhanced Jsc in the devices. These properties arising from the rational design resulted in
all the highest PCE-reported OSCs based on FREAS as the acceptor component, surpassing

both fullerene derivatives and rylene diimides.

Non-fused ring electron acceptors (NFREAS)

The excellent improvement in PCE of OSCs employing FREAs exceeding 18% indicates the
commercialization capabilities in the near future. However, despite having high performance,
the commercial viability of FREASs is limited due to high synthetic complexity and production
cost. In order to overcome this challenge, concentrated efforts are in place to design and
develop non-fused ring electron acceptors (NFREAs) with largely reduced synthetic
complexity. The key design strategy in the development of NFREAs is replacing the fused ring
core with a single bonded structure. Further, the electronic energy levels and molecular packing
can also be readily modified with appropriate units. Recently, an impressive PCE of ~15.2%
were able to achieve using NFREA (A14-16) based on a bithiophene-based building block.*?*
This efficiency is almost comparable with that of high-performing FREAs with superior

photostability, indicating the importance NFREAs in OSC technology development.?®
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Figure.1.16 show non-fused ring electron acceptors DF-PCIC and HF-PCIC, when blended
with suitable donors PBDB-T and PBDB-T-F, respectively, exhibit PCE > 10%. Both the
NFREA molecules have an A-D-D’-D-A type structure, and HF-PCIC is designed to overcome
the low Jsc in devices with acceptor molecule DF-PCIC. In DF-PCIC, the central non-fused
ring core unit is connected to two cyclopentadithiophene units by single bonds, whereas in the
HF-PCIC is a modification with a strong electron-withdrawing end group to increase the
intramolecular charge transfer effect. The molecules exhibit similar absorption spectra to that
of ITIC molecule and performance parameters close to it with significantly reduced synthetic

complexity. 1?5127

Figure.1.16. The chemical structure of non-fused ring electron acceptors (a) DF-PCIC and (b)
HF-PCIC, respectively.

From the device point of view, the excellent performance of NFAs employed OSCs is
characterized by the exciton dissociation with a small energy offset. Figure.1.17 show the
electronic energy levels of PC70BM molecule, NFAs ITIC and Y6, along with the most
compatible and one of the high-performing donor PM6. This indicates that a blend of donor
PM6 and non-fullerene acceptor ITIC shows excellent exciton dissociation and high PCE
despite a negligibly small energetic offset. The low energetic disorder of NFAs can be

attributed to the sharp absorption onset and reduced voltage loss. For a good OSC, the blend
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morphology is critical in which importantly, optimum domain size and purity are necessary.
Apart from this, percolate, and continuous charge transport pathways and a favourable
molecular orientation are also important. The planar conformation and better molecular
packing lead to a more stable morphology of NFA based OSCs. On the other hand, the phase
purity in the blend is better for fullerene derivatives due to their spherical geometry, but the
phase purity can be improved in NFAs as well by improving the molecular crystallinity.
Table.1.1 show the J-V parameters of the highest efficiency reported systems to date using
various types of NFAs along with the champion fullerene derivative acceptor PC7;0BM-based
system. The high short circuit current density and PCE are obtained when FREAS are blended

with suitable donors.1%”
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Figure.1.17. Orbital energy diagram of donor PM6 and acceptors PC70BM, Y6 and IT-4F.
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Table.1.1. The performance parameters of highest efficiency reported NFAs belonging to

various types of molecular designs along with the champion fullerene derivative-based OSC.

Donor(s) Acceptor Voc Jsc FF PCE | Reference

DR3TSBDT:PTB7-Th| PCnBM | 0772 | 2331 | 7044 | 12.10 %
PDBT-T1 6a® 1.001 | 1253 | 717 8.98 128
PBDB-T-2CI IT-4F® 0.890 | 2058 | 78.0 | 14.29 1
PBDB-T-2F Y6®) 0.856 | 25.73 76.8 16.94 129
PBDB-T-2F Ls-BO® | 0.870 | 25.72 | 815 | 1832 130
PBDB-T-2F HF-PCIC® | 0910 | 17.81 | 70.77 | 11.49 127
PBDB-T-2F A14-16© | 0876 | 218 | 79.8 | 152 124

() Rylene diimide, (b) fused-ring electron acceptor and (c) non-fused ring electron acceptor.

1.5. Ternary Blend Organic Solar Cells

Ternary strategy in which a blend of three photoactive materials constituting the active layer
of OSC has shown to improve the device performance.'®'% Ternary and tandem strategies are
generally adopted to improve binary OSCs device performance further.’3435 Due to
significantly reduced fabrication complexity, single-junction BHJ OSCs are preferred over
tandem device architecture. In this regard, ternary blend organic solar cells (TBOSCs) are ideal
due to improved photon harvesting and facile device fabrication processes.'® TBOSCs have
several advantages over binary devices, summarized in Figurel.18. The highest PCE reported

single-junction OSCs to date are based on ternary blend strategy, whether its fullerene
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derivative or non-fullerene molecule as the acceptor component (see Table.1.2).%8 13" TBOSCs
based on a combination of polymers and small molecules along with all-polymer and all-small
molecule blends have significantly improved device performance.*3? A small molecule as the
third component in a polymer/small molecule binary BHJ has been shown to optimize the
morphology by improving crystallinity along with improving the overall absorption.*3! 13 The
polymer-polymer-small molecule TBOSCs are set forth to improve the absorption of the blend
as the polymer donors usually exhibit a narrow absorption window.'* The third component,
usually a polymer donor, in this case, assists the charge transport and dissociation, along with
broadening the absorption window. As a natural extension to the all-polymer binary BHJ OSCs,
all-polymer TBOSCs are also introduced, which show superior device performance.**® All
small-molecule TBOSCs are interesting due to the superior reproducibility of high-performing
devices owing to the characteristics of small molecules such as well-defined structure,

molecular weight and high purity. 40141

Tunable Absorption and
Enhanced Photon Harvesting

Energy level distribution favourab
for efficient charge transport

Reduced energy loss and
improved open-circuit voltage

Figure.1.18. Infographic depicting the advantages of ternary blend organic solar cells over

binary organic solar cells.
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Rational choice of the third component in an optimal amount can enhance the photon
harvesting and, subsequently, the device performance metrics of the binary device.
Morphological modification brought in by the third component has shown to improve the
device stability in specific combinations of donor-acceptor (D-A) systems. Though ternary
strategy is a well-established technique in BHJ OSCs, with the development of NFAs, this
technique has consistently improved the device efficiency of the binary system on many
champion D-A combinations.*? Apart from the enhanced absorption window broadening and
morphological modifications of the active layer, different device engineering strategies for
these high-performing ternary devices can also push the PCE further. In this regard, a
comprehensive understanding of the role of the third component in charge transport physics is
necessary. The presence of the third component (either a donor or an acceptor) in a D-A system
can impact the device physics of the OSC in different ways depending on the electronic energy

levels and various other molecular properties. 32133

Table.1.2. The performance parameters of highest efficiency reported ternary blend organic

solar cells and the corresponding binary devices in which the third component was introduced.

Binary Components Third Voc Jsc FF PCE Reference
Component | (V) (MAcm?) | (%) (%)
PTB7-Th:Y6 0.67 20.16 56.77 7.71 143
PTB7-Th:Y6 PC70BM 0.67 24.68 58.02 9.55 143
PM6:Br-ITIC 0.937 18.53 72.7 12.63 144
PM6:Br-ITIC J71 0.930 19.39 78.4 14.13 144
PMG6:1T-4F 0.869 20.26 77.4 13.62 1
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PM6:1T-4F N7IT 0.890 22054 | 748 | 15.02 145
PM7:1T-4F 0.890 2058 | 78.0 | 14.29 1
PM7:1T-4F PCeoBM | 0.875 20.7 772 | 140 146
PM7:1T-4F PCoBM | 0.872 21.2 773 | 143 46
PM6:Y6 0.820 2520 | 761 | 157 109
PM6:Y6 PCoBM | 0.861 2510 | 772 | 167 146
PM6:Y6 D18 0.852 2555 | 728 | 1585 r
PM6:Y6 ITIC 0.879 2550 | 7420 | 166 18
PM6:Y6 BTP-M | 0.875 2656 | 73.46 | 17.03 149
PM6:Y6 IT-4F 0.844 2540 | 759 | 16.27 150
PM6:Y6 BTF 0.853 26.11 | 7422 | 1653 151
PM6:Y6 71 0.850 2555 | 76.0 | 16.50 152
PM6:Y6 S3 0.856 2586 | 79.17 | 17.53 153
PM6:Y6 AQx-3 | 0870 2682 | 772 | 18.01 129
PM6:BTP-4F-12 0.850 2450 | 779 | 162 154
PM6:BTP-4F-12 MelC 0.863 2540 | 792 | 174 154
PM6:BTP-eC9 0.845 2681 | 775 | 1758 155
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PM6:BTP-eC9 BTP-F 0.858 26.99 79.7 | 1845 155
PM6:N3 0.837 25.81 739 | 1598 156
PM6:N3 PCoBM | 0.840 26.85 780 | 17.60 157
PM6:C9 0.852 2658 | 76.73 | 17.38 158
PM6:C9 PM6-Si30 | 0.870 2690 | 78.04 | 18.27 158
PM7:Y6 0.868 2498 | 7142 | 15.49 159
PM7:Y6 PC0BM | 0.868 25.44 | 7566 | 16.71 159

D18-Cl:Y6 0.881 2553 | 75.88 | 17.07 160
D18-Cl:Y6 Y6-10 0.900 2587 | 76.92 | 17.91 160
D18-Cl:L8-BO 0.888 2510 | 77.80 | 17.37 155
D18-Cl: L8-BO L8-BO-F | 0.902 2530 | 78.30 | 17.83 155
D18-CI:N3 0.859 2785 | 75.70 | 18.13 161
D18-CI:N3 PCeoBM | 0.849 28.22 780 | 18.69 161
PBQx-TF:eC9-2Cl 0.868 25.9 78.6 17.7 162
PBQx-TF:eC9-2Cl | F-BTA3 | 0.879 26.7 80.9 | 19.0 162
D18:L8-BO 0.907 24.9 785 | 177 135
D18:L8-BO PM6 0.896 26.7 819 | 196 135
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Figure.1.19. Graphical representation depicting the various charge transport models in a
ternary blend organic solar cell using orbital energy levels of constituent elements (adapted
from ref.163).

Multiple charge transport models have been proposed depending on the alignment of electronic
energy levels of the third component in the binary system. These are charge transfer, energy
transfer, parallel-like and alloy models.'®® The charge transfer mechanism refers to an ideal
step-like alignment of energy levels, the overlap between the emission of one component and
absorption of another can lead to energy transfer. Efficient charge transfer between the
components equivalent to two D-A systems refers to the parallel-like model. In the case of the
alloy model, either a donor alloy (or acceptor alloy) establishes charge transport with the
acceptor (or donor), similar to a single D-A system. On the other hand, optimization of active
layer morphology is a deciding factor in enhancing the efficiency and stability aspects of the
ternary device. Efforts to correlate the distribution of the third component in a bi-continuous
D-A phase to the device performance and morphological stability still need a neat framework.
The thermal properties and miscibility of various constituting components are crucial in
extracting the best performance of the device. Further, the weight ratio of individual
components in the BHJ and its correlation to the device parameters, specifically the Voc, needs

to be understood.6*
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Figure.1.20. Graphical representation depicting the various charge transport models in a
ternary blend organic solar cell using the morphology of the bulk heterojunction active layer

in inverted device architecture (adapted from ref.163).

The presence of multiple chromophores in the BHJ blend provides the advantage of the
possibility of energy transfer between the constituent components in the blend. The
fluorescence or Forster resonance energy transfer (FRET) mechanism is an effective strategy
to enhance the performance of BHJ OSCs.!3 FRET is a process in which a donor transfers
energy to an acceptor non-radiatively through dipole-dipole interaction. The necessary
condition for FRET to occur in a system is that the emission spectrum of the FRET donor must
overlap with the absorption spectra of one of the constituent elements in the system. Apart from
this, for an efficient FRET, the donor and acceptor elements must be within a specific length
scale called the Forster radius (Ro). The value of Ro is system dependent and can vary from
nearly 1 nm to 10 nm. The fluorescence lifetime and quantum yield of the donor and the

quenching efficiency of the acceptor also influence the FRET occurrence in the blend.'3% 164

165

D*+A->D+ A"

The rate constant of FRET is given by the expression,
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Figure.1.21. Schematic diagram depicting the FRET mechanism in a ternary blend organic

solar cell.

1 R
Krrer = ; (?0)6 (29)

Where t, is the fluorescence lifetime of the FRET donor in pristine form and R is the distance

between the donor and acceptor.

The FRET efficiency can be calculated as,

1 Tpa
Eppgr =—————= =1- 22 (30)

6
R Tp
1+ (R/g,)
here 7,4 Is the lifetime of the donor emission in presence of the acceptor. The steady-state
photoluminescence (PL), time-resolved photoluminescence (TRPL) and transient absorption
spectroscopy (TAS) can be used as experimental tools to probe the FRET mechanism in a
blend. The presence of FRET in the BHJ system can benefit in several ways, including

enhanced exciton diffusion length. For instance, McGehee et al. showed that in a strongly
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Coulomb coupled D-A system, exciton harvesting over a distance of more than 25 nm is
possible with an order of magnitude increase in the effective exciton diffusion length.®® Thus,
the FRET mechanism in a BHJ system can improve the Jsc, whereas the effect of FRET on Voc

and FF still needs to be uncovered in detail.

1.6.  Stability of Organic Solar Cells

The unprecedented efficiency improvements in OSCs with the arrival of small molecule non-
fullerene acceptors reaffirmed the potential for successful commercialization.'?® 167 At this
juncture, the stability of the OSC is the major concern as the performance of these devices
degrades rapidly compared to the inorganic counterpart (Si, CdTe).1®® In comparison with the
tremendous efforts toward efficiency enhancement, the stability aspects are less explored in the
OSCs, and there is a need for a fundamental understanding of the degradation mechanism. 169
170 To put in perspective, some of the high-performing D-A combinations with initial PCE
above 15% degrade within a day, even in dark conditions.}’* This section briefly discusses the
general degradation behaviour in OSCs along with the factors causing degradation. Further,
the stability aspects of NFA-based systems and the impediments to achieving a long life

compared to the inorganic solar cells will be outlined.

1.6.1. Degradation Process in Organic Solar Cells

As mentioned earlier, the deterioration of device performance in OSCs is substantially faster
as compared to inorganic or hybrid PV technologies. The important reason behind this rapid
degradation can be attributed to the intrinsic instability of organic semiconductors.®® 72 The
degradation pattern in OSCs comprises two stages: (1) an exponential decay in device

performance during the initial period of an operation termed the ‘burn-in’ degradation,
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followed by (2) a comparatively slow decay in device performance until the failure of the
device termed as the long-term degradation (Figure.1.22).!%°® The ‘burn-in’ degradation is
substantial in OSCs as compared to other PV technologies, and even with high-performing
NFAs, it has been reported to ~50% drop in efficiency within a timescale of 24 hours in dark

conditions.1’% 173

Burn-in Long-term Failure

Normalized PCE

Device operation time

Figure.1.22. Schematic depicting the various stages of degradation in a typical organic solar
cell (adapted from ref.169).

Understanding the degradation in general and the ‘burn-in’ degradation, in particular, is
important for the commercial viability of OSCs as it needs to perform consistently throughout
their lifetime.2’*"> Various intrinsic and extrinsic factors contribute to the degradation of
OSCs and are summarized in Figure.1.23.17* The extrinsic factors include light, heat, oxygen
ingression, moisture, and electrical and mechanical stress. The intrinsic factors are degradation
in the dark due to chemical reactions between different layers and the chemical stability of the

OSC constituents. In OSCs based on fullerene derivatives as the acceptor, aggregation and
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vertical stratification of PCBM molecules upon thermal stress have shown to reduce the D-A
interface and consequently a reduced charge transport and performance.'’ 176 The aggregation
and crystallization of PCBM molecules within the active layer result in fullerene aggregates of
size on a microscale, significantly reducing the interpenetrating D-A interfaces and reduction
in Jsc.’” The aggregation tendency can be reduced by using solvent additives during solution
processing, and the introduction of specially designed cross-links can also reduce the aggregate
formation. The dimerization of PCsBM acceptor molecules under illumination conditions is a
detrimental effect which modifies the electronic properties and is identified as the reason
behind Jsc loss in degraded OSCs.!% 178170 The use of PC70BM or higher adduct fullerenes as
acceptors can significantly reduce the detrimental effect due to photo-dimerization, and it must

be noted that the dimerization can be reversed in PCBM at elevated temperatures.®

. Electrical,
Atmosphere Degrdation mechanical

{ | / stress
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Figure.1.23. Infographic depicting the various factors causing degradation in organic solar
cells.
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The device degradation due to extrinsic factors can be substantially minimized with the
encapsulation of the device.® Some of the commonly used encapsulants include ethylene-
vinyl acetate (EVA), UV-cured epoxy, polyisobutylene (PIB) and organic materials such as
PMMA, and PVMK. The major benefit of the encapsulation technique is that it can prevent
oxygen and moisture ingression into the active layer and interfacial layers in the device.!80-181
This will reduce the unwanted photochemical and thermochemical modifications of the
constituent materials and oxidation of the electrodes. The encapsulation barrier layer requires
chemical stability, mechanical strength, high photostability and thermal stability.*8 Otherwise,
the disintegration of this barrier layer and its reaction with various layers in the device can have
a further detrimental impact on device performance. Many UV-curable resin-based
encapsulants suffer from photodegradation and thermal oxidation, and a high processing

temperature of the encapsulant layer is not desirable,16% 180-182

1.6.2. Stability Aspects of NFA based Organic Solar Cells

The stability of NFA acceptor based OSCs is highly dependent on the material properties of
the acceptor molecule employed. But in general, the stability of NFA based devices is superior
to their fullerene-based counterparts.?® 170 172 Recently, Stephen R. Forrest et al. reported an
extrapolated device lifetime of ~ 30 years after accelerated aging studies in NFA BT-CIC based
devices.'® Earlier, in a similar analysis along with long-term J-V monitoring, Brabec and
coworkers estimated ~ 10 years of a lifetime for 1T-4F based inverted OSCs.*®” The essential
takeaway from these results is the potential of high performing NFA based OSCs ability to
perform intrinsically similar to the inorganic counterpart. As promising efficiency is obtained
using recently developed NFAs, understanding stability implications in these systems are

extremely important. The thermal stability of NFA based OSCs is superior compared to the
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fullerene counterpart, partly due to the anisotropic molecular structure with rigid backbones,
making them less mobile in the blend.'?® The thermal transition temperature of the NFA
molecule plays a critical role in morphological stability, and in general, a high thermal
transition temperature is desired (>100°C).1%% 18 High thermal transition temperature can slow
down the diffusion and crystallization of the component providing stable morphology over a
long period.'® Apart from this, the parameters such as miscibility, crystallinity, domain size
and purity and morphological evolution during the operation, such as mixing and de-mixing of
the constituents, are also critical.*®* Some of the early stability reports in NFA based BHJs
demonstrate that the optimal miscibility, domain size, domain purity along with balanced
nucleation, aggregation and crystallization can be achieved due to the synthetic flexibility of

NFAs.120

1.6.3. Challenges to improving the stability

The availability of a vast amount of D-A combinations combined with system-specific
degradation mechanisms makes it challenging to propose a general set of frameworks for long-
term stability applicable to all OSCs.'8+8 A general framework to identify and eliminate
rapidly degrading combinations may help to isolate and concentrate on combinations which
are promising, and this requires a detailed understanding of degradation and its relation with
material properties. The significant ‘burn-in’ degradation in most of the OSCs is another major
challenge that needs to be addressed.!”* A set of design rules for ‘burn-in’ free OSCs requires
detailed investigations to understand the degradation mechanism induced by various
contributing factors. The intrinsic chemical stability of NFAs needs to be improved by
considering the effects of interaction with interlayers and photo-thermal stress.*’? The fragile

C=C in NFAs tends to weaken in a short period of operation due to the interaction with
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interlayers in the presence of external stress factors such as light, heat, moisture and oxygen.’
186187 The morphological instabilities of NFA based devices are largely dependent on the
compatibility with the choice of donor molecule, and it is important to screen the potential of
a particular NFA with the material properties. This requires an in-depth understanding of the
morphology formation and evolution in BHJ OSCs. The planar conformations of NFAs
combined with the insights on molecular packing and interaction from single crystals of NFAs
can shed more light on desired film formation. The real operation condition of OSCs further
involves thermal and light cycles, and the impact of this phenomenon is particularly
important.*®® Effective encapsulation techniques with facile processing requirements need to
be developed to minimize the effect of extrinsic factors.'®-18" Along with it, optimizing the
device by simultaneously considering both efficiency and long-term stability is necessary for

high performing OSCs.}"417

1.7.  Thesis Outline

This thesis focuses on device processing strategies to enhance the efficiency and stability of
high performing fused-ring electron acceptors IT-4F and Y6-based binary bulk heterojunction
OSCs. Along with strategies to improve NFA-based OSCs efficiency, this thesis investigates

underlying mechanisms in the device degradation and proposes routes to mitigate the same.

The first part of the thesis focuses on improving the efficiency of NFA IT-4F-based inverted
OSCs, in which ZnO is the cathode interlayer. The contact selectivity at the cathode interface
improved by introducing a thin PC70BM interlayer along with the standard electron transport
layer ZnO. The combination of ZnO and PC7BM layers between the cathode and bulk
heterojunction active layer can reduce charge transport barriers and significantly enhance short-

circuit current density and PCE. Impedance spectroscopy and electrical noise measurements
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reveal reduced charge transport barriers at the cathode interface due to the presence of the
interlayer. The study suggests the potential of PC70BM as an interlayer material to further

improve the performance of NFA IT-4F-based OSCs.

In the next part of the thesis, a comprehensive investigation of light-induced and temperature-
induced-degradation in NFA IT-4F based OSCs with emphasis on the initial period of operation
(‘burn-in’) has been studied. Unlike other PV technologies, ‘burn-in’ degradation is a
significant concern in OSCs. In certain combinations of D-A systems, more than half of the
initial PCE is lost during the ‘burn-in’ period. The magnitude of ‘burn-in’ degradation is largely
D-A system-specific and depends on device geometry and processing conditions. In this
investigation, the mechanism of light and temperature-induced degradation in one of the
highest stability established IT-4F based OSCs with the more stable inverted geometry.
Monitoring current-voltage characteristics upon accelerated aging stresses in inert conditions
revealed that significant degradation occurs due to the UV components present in the light
illumination. Steady-state optoelectronic measurements and spectroscopic studies provide
significant insights into the degradation mechanisms, including the bulk and interfacial charge
transport barriers. Further, attempts were made to understand the detrimental effects of the
commonly used solvent additive DIO (1,8-diiodooctane) in device degradation. Discerningly
tailored experimental condition provides considerable insights into the origin of degradation
from different aging stress factors. The study suggests the importance of preventing UV
components through suitable barrier layers or through luminescent downshifting to prolong

NFA-based OSCs lifetime.

The final section of the thesis focuses on improving the device performance using the ternary
blend strategy. Ternary blend strategy in which three photoactive components constitute the
active layer is a route to enhance photon harvesting without the fabrication complexities of
multi-junction devices. We introduced the acceptor molecule PC70BM as the third component
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in the Y6 acceptor based OSCs. Wide-bandgap PC7BM with complementary absorption
significantly improved the open-circuit voltage and the PCE of the binary OSCs. Insights into
charge transport and recombination dynamics in the devices are analyzed using steady-state
and transient techniques. The morphological modification in the BHJ active layer due to the
third component PC70BM, having a comparatively high thermal transition temperature, reduced
the interfacial recombination and rapid degradation of the Y6 based binary counterpart. Light
and temperature-induced degradation studies reveal the optimized morphology of ternary BHJ
OSCs in prolonging the device lifetime. This work pinpoints the potential of fullerene
derivative acceptor PC70BM in improving the efficiency and stabilizing the NFA based single-

junction organic solar cells.

In summary, the thesis describes methods to improve the device performance of non-fullerene
acceptors IT-4F and Y6 based OSCs using interfacial modification and ternary blend strategy.
In addition to this, a systematic study of degradation mechanism in these devices and
disintegration of the influence of various aging factors along with implications toward

strategies to improve the stability.
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Chapter 2

Materials and Methods

2.1 Materials

The BHJ active layer in the organic solar cells constituting the charge generation and
transport needs careful design and optimization. The BHJ layer is a blend of donor polymer
and an acceptor molecule covering a large portion of the solar-spectral range in an optimized
ratio. The extent of commonality in terms of solubility parameters and film formation tendency
forms basic design criteria. Homogenous films with the added feature of a vertical gradient in
the donor to acceptor distribution are desired. The orbital energy levels, the density of states
distribution, absorption window, absorption coefficient, charge carrier mobility, and the
compatibility of each material, such as miscibility and complementary absorption, are some of
the properties of BHJ components that play a decisive role in the device performance. The
active layer materials used in this thesis are: donor polymer PBDB-T-2Cl and acceptor
molecules IT-4F, Y6 and PC7BM. The orbital energy levels and the band gap of these
materials are summarized in Table.2.1. The PBDB-T series of polymers fall in a suitable
category of donor materials with complementary absorption and suitable electronic energy
levels compatible with the most recently reported high-performing NFAs. The main building
blocks of PBDB-T polymer are the BDT and BDD units, along with conjugated side chains on
the BDT unit. The conjugation and rigidity of the BDT and BDD units help the aggregation,

while strong n-m stacking results in better phase purity in the film.!
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Figure.2.1. The chemical structure of (a) donor PBDB-T-2Cl, acceptors (b) IT-4F, (c) Y6 and
(d) PC70BM respectively.

Table.2.1. List of donor and acceptor molecules with corresponding orbital energy levels.

Material HOMO (eV) LUMO (eV) Eg (eV) Reference
PBDB-T -5.34 -3.32 2.02 2
PBDB-T-2CI (PM7) -5.52 -3.57 1.95 25
ITIC -5.48 -3.83 1.65 6
IT-4F - 5.66 -4.14 1.52 567
Y6 -5.65 -4.02 1.63 8
PC7BM -6.0 -4.0 2.0 o
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The molecular optimization strategies involve modifying all three parts of the polymer to obtain
well-matched energy level shifting and enhanced absorption. The fluorination or chlorination
of donor polymers can effectively modulate the m electronic properties of the organic
semiconductor and act as an important molecular design strategy. The small size and high
electronegativity of fluorine help reduce the steric hindrance in the molecular packing along
with modifying the m electron behaviour and improving crystallinity. The crystallinity
improvement arises from the non-covalent intermolecular and intramolecular interactions of
fluorine atoms which improve the charge transport. Further, reduction in the Coulombic barrier
between the electron and hole also occurs due to the high polarization of fluorinated molecules.
Due to these advantages, the fluorinated PBDB-T polymer: PBDB-T-2F, commonly known as
PMG, is one of the best donors compatible with many high-performing NFAs.” The chlorinated
version of PBDB-T polymer, PBDB-T-2Cl, commonly known as PM7, is also a suitable donor
with similar properties. Even though the electronegativity of chlorine is less than that of
fluorine, chlorination help to downshift the orbital energy levels better than fluorination due to
the presence of an empty 3d orbital. PBDB-T-2Cl has a downshifted HOMO level and
upshifted LUMO level as compared to PBDB-T-2F donor (Table.2.1). The increased
intramolecular charge transfer effect as a result of the higher dipole moment of the chlorine-
carbon bond results in the absorption broadening of the PBDB-T-2Cl in comparison with
PBDB-T-2F.1% Apart from the above-mentioned favourable modifications, the chlorination
strategy is cost-effective compared to fluorination, and hence PBDB-T-2Cl was chosen as the

donor polymer throughout the studies in this thesis.
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2.1. Fabrication of Organic Solar Cells

The device architecture of the OSC consists of BHJ active layer, buffer layers and counter
electrodes. In general, the OSCs are fabricated in normal or inverted architecture. The normal
device architecture consists of ITO/PEDOT: PSS/BH] active layer/PFN Br/Al, whereas
the inverted device architecture is ITO/ZnO/BH] active layer/MoO3/Ag. The buffer layers
(ETL and HTL) can vary depending on the D-A combination, and additional buffer layers could
also be present in the device. The choice of D-A combination is the most important part while
fabricating a high-performing device, and the choice of buffer layers and electrodes is also
critical. The processing conditions and fabricating procedure become crucial for a given D-A
combination in extracting the best performance. The D-A ratio, processing solvent, spin coating
method, thickness of the active layer and various treatments of the layer such as thermal
annealing and solvent vapour annealing are critical in optimizing the BHJ active layer. In order
to control the BHJ active layer morphology, solvent additives are also used in some cases. The
common solvent additives used in BHJ-OSC fabrication include DIO (1,8-diiodooctane) and

CN (chloronaphthalene).

BH) Active Layer

Figure.2.2. A typical inverted device architecture of bulk heterojunction organic solar cell.
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In this thesis, mostly OSCs are fabricated in an inverted device geometry with Ag as the anode
which is on top of the stack (Figure.2.2). The choice of inverted device geometry help to avoid
the acidic PEDOT:PSS layer coming in contact with the BHJ active layer and ITO layer, and
it is identified as a cause for various degradation mechanisms. This indicates that the inverted
device geometry is comparatively more stable than the normal device architecture. Since a
significant amount of study in this thesis is related to device stability, the standard device
fabrication is restricted to inverted architecture unless otherwise specified. Apart from the
elimination of the acidic buffer layer, in inverted geometry, the top electrode materials used
are more ambient stable high work function metals such as Ag. The buffer layers or charger
transport/extraction layers are used in the device to obtain a near-ohmic transition at the active
layer—electrode interface and to tune the polarity of charge collection. The cathode buffer layer
(ETL) in this architecture is usually selected as ZnO due to its versatile characteristics such as
high electron mobility, ease of synthesis, transparency and high optical transmission. The
anode buffer layer (HTL) used in this architecture is the transition metal oxide MoQO3 in order
to facilitate the hole extraction. Among the various wet thin film deposition techniques, the
spin coating method is the most commonly adopted technique in lab-scale device fabrication.
In the spin coating technique, the solution is dispensed onto the substrate, which is already
placed on a rotating chuck and rotated with a definite speed so as to achieve the desired
thickness. The spin coating technique can provide uniform thin films with thickness varying
from the nm-pm range for small substrates. The relation between the thickness of the film and

the speed of rotation is given by,

1
df N (31)
Where ds is the final thickness and w is the angular velocity or rotation speed. This inverse

relation can provide a rough estimate of the thickness, and profilometry can be used for the
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optimization of the film thickness. Also, spin coating varies depending on whether the chuck
is rotating or stationary while the dispensation of solution from the pipette. In static spin
coating, the rotation of the substrate begins immediately after the solution is dispensed, whereas
in dynamic spin-coating, the substrate is maintained in a state of rotation during the solution is
dispensed onto the substrate. The dynamic dispense is usually preferred as it gives less time for
the evaporation of the solvent while the thin film is formed. For very low spin speed and a

viscous solution that needs full coverage on the substrates, the static spin coating is desired.

Table.2.2. List of buffer layer materials with corresponding orbital energy levels.

Material HOMO (eV) LUMO (eV) Reference
ZnO -7.6 -4.3 1112
MoO3 -5.3 -2.3 12

The OSC device fabrication begins with the precleaning and patterning of the ITO substrates.
After patterning, the ITO-coated substrates are thoroughly cleaned with DI water and dried.
Then the substrates are sequentially sonicated for 15 minutes each with acetone and isopropyl
alcohol and dried by passing N2 gas. To ensure a clean surface by removing impurities and
contaminants and also to improve the surface wettability, plasma cleaning is performed for
nearly 5-10 minutes. The Zinc oxide (ZnO) sol-gel precursor was spin-coated on precleaned
indium tin oxide (ITO) substrates to obtain ~ 40 nm ZnO film. The ZnO sol-gel precursor was
prepared by dissolving 100 mg Zinc acetate dihydrate [Zn(CH3COQ),.2H,0] in 1 ml of 2-
methoxy ethanol and 28 pl ethanolamine as a stabilizer. Zinc acetate dihydrate, 2-methoxy
ethanol and ethanolamine all were procured from Sigma Aldrich. The ZnO layer was thermally

annealed in air at 200 °C for half an hour to obtain crystalline ZnO from the gel film. The
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crystallinity of ZnO is critical for the performance of OSC as it controls the optoelectronic
properties of the film. Even though the most common way of obtaining the ZnO layer is through
the sol-gel method, various other ways, including solution processing from nanoparticle
dispersion, spray pyrolysis, and metal-organic chemical vapour deposition (MOCVD), and
atomic layer deposition (ALD), can also be used. The ZnO-coated ITO substrates were then
transferred to a nitrogen-rich glove box for the deposition BHJ active layer. After the coating
of the BHJ layer and post-processing such as thermal annealing, the devices (electrode area ~
9 mm?) were completed by thermal evaporation of ~ 8 nm layer of molybdenum oxide (MoO3)

and a 100 nm layer of silver at a base pressure of 10 mbar.

Table.2.3. List of electrode materials with corresponding work function values.

Material Work function (eV)
ITO 4.7
Al 4.1
Ag 4.6
Au 5.1

2.2. Characterization of Organic Solar Cells

The primary characterization of an OSC is the determination of device PCE under AM1.5G
(air mass 1.5 global) illumination conditions. The AM1.5G solar spectrum has an integrated
power of 100 mWcm™2. By convention, AM1.5G solar spectrum was adopted as the standard
illumination condition and is equivalent to average solar irradiation at mid-latitudes. The
current-voltage characteristic of the OSC under AM1.5G illumination condition can be used to

extract the parameters Voc, Jsc, FF and the PCE. Light measurements were performed at one
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sun illumination (AM 1.5 G) provided by a Newport class AAA solar simulator. A source meter
(Keithley 2420) interfaced with data acquisition software (Oriel Instruments -V test station)
was used to perform solar cell characterization. During the measurement, only the active area
(9 mm?) of the device is exposed to the light. The remaining area was covered using black tape

to avoid any inconsistency in the measurement.

The intensity-dependent J-V characteristic were studied using neutral density filters (NDFs)
coupled with a Newport class AAA solar simulator. A source meter (Keithley 2420) interfaced
with data acquisition software (Oriel Instruments -V test station) was used to determine the

J-V parameters at different intensity levels.

For external quantum efficiency (EQE) measurements, a light source (Zolix LSH T150
tungsten halogen lamp) coupled with a monochromator (SPEX 500M) was used to illuminate
the device area. The EQE was measured under short circuit conditions using Lock-in Amplifier

(SRS SR830). The light intensity was calibrated using a silicon detector (UDT Instruments).

Absorption spectra of pristine and BHJ thin films were obtained using a PerkinElmer Lambda
750 UV/Vis/NIR spectrometer. Fourier transform infrared (FT-IR) spectra of films were

collected on a Bruker IFS 66v/S FT-IR spectrometer using potassium bromide (KBr) disks.

For SCLC mobility measurement, electron-only devices were fabricated with the architecture
ITO/ZnO/BHJ active layer/LiF/Al. Zinc oxide (ZnO) nanoparticle dispersion (purchased from
Sigma Aldrich) in ethanol was spin-coated on precleaned and patterned indium tin oxide (ITO)
substrates to obtain 40 nm ZnO film. ZnO layer was thermally annealed in air at 120 °C for
half an hour. For PM7:Y6 and PM7:Y6:PC70BM, BHJ solutions of 1:1.2 and 1:1.2:0.2 ratio of
donor and acceptors with polymer concentration at 16 mg/ml in chloroform solvent. The
devices (electrode area =~ 9 mm?) were completed by thermal evaporation of a ~1 nm layer of

LiF and a 100 nm layer of Aluminium at a base pressure of 10 mbar. The charge carrier
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mobility was determined by fitting the dark J-V characteristic to the Mott-Gurney law (single
carrier SCLC model): J = 9ueye,V?/8d3, where J is the measured current density, u is the
charge carrier mobility, &, is the electric permittivity of vacuum, &, is the dielectric constant,

d is the thickness of the active layer, and V is the applied voltage.

2.3. Impedance Spectroscopy

Impedance spectroscopy (IS) is a facile and powerful tool to study the charge transport and
recombination dynamics in OSCs. The concept of impedance can be traced back to the 1880s
when Oliver Heaviside first introduced it and later the development of the complex
representation of impedance by A.E Kennelly and C.P Steinmetz. In general, IS has been a
widely used tool to understand charge transfer and transport mechanisms in electrochemical
systems, including DSSCs.™® Recently, an increasing interest in employing this technique in
OSCs has been witnessed due to the simplicity of the measurement and swift analysis
capability.!* In this technique, the frequency-dependent electrical resistance (impedance-
Z(w)) of the system under investigation is probed by applying a small sinusoidal (AC) voltage
perturbation with varying frequency and simultaneously looking into the response of the
system to it. The interaction of the electromagnetic field with the system results in energy
storage, energy dissipation and relaxation processes. The condition of small signal response is
to ensure that the system does not undergo a permanent change during the measurement, and
the linearity of the measured current and the applied voltage signal is maintained. The electrical
perturbation can be applied along with DC bias or under illumination conditions if the system
is photoresponsive to gain further insights into the relaxation processes involved.}*’ The

impedance response Z(w), to an applied voltage V (w, t) is given by,
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“Twt I ¢ (32)

V(w,t) = Vyel®t, I(w,t) = [,el@t=9

Where I (w, t) is the output current from the device under test, Vo and lo represent the amplitude
of voltage and current signals, respectively, and 6 represents the phase difference between the
input voltage signal and output current. The real and imaginary parts of the complex impedance

can be determined using the relations below,

Zw)=Z'(w) +iZ"(w)

(33)

Z'(w) = |Z|CosO, Z"(w) = |Z|Sin6
(34)
121 =@ + @) )

Where Z'(w) and Z"(w) represents the real and imaginary part of the complex impedance
Z(w). The impedance response from a system can be visualized in a variety of ways and is
most commonly represented using the Nyquist plot (Cole-Cole plot) and Bode plots. The
Nyquist plot is a complex diagram with an x-axis representing the Z'(w) and the y-axis
representing the negative of Z"(w). In Bode plots, the x-axis represents the frequency, and the
y-axis represents the magnitude of impedance or the phase. For a quick analysis of the
relaxation processes involved in the system, the Nyquist plot is beneficial, and the results are
usually represented in this form, whereas Bode plots contain the frequency dependence

explicitly in contrast to the Nyquist plot.
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The analysis of the impedance data is primarily performed using equivalent circuit modelling
(ECM), in which the impedance response is reproduced using circuit elements such as resistors,
capacitors and inductors. The ECM is a powerful strategy as it allows for a quick assessment
of features in the Nyquist plot to the physical processes governing the system and provides the
choice of circuit elements that are meaningful with respect to the system under investigation.
Figure.2.3. show Nyquist plot corresponding to some common circuit elements and simple
combinations.

Table.2.4. List of common circuit elements used in ECM of impedance spectroscopy and the

corresponding impedance.

Circuit Element Impedance Z(w)
Resistor (R) R
Capacitor (C) 1
iwC
Inductor (L) iwL
Constant phase element (CPE) 1
(iw)"Qn

When a small voltage perturbation is applied to a pure resistor element, it corresponds to a

point in the real axis (Z') of the Nyquist plot as the voltage and current are in phase.

Zp(w) = Wee@t, \ =R (36)

In case of a pure capacitor element the phase difference is —m/2 and it corresponds to a vertical

line parallel to y-axis from the origin.
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Zc(w) =

iwC

(37)

The form of Nyquist plot for a parallel R-C circuit corresponds to a semicircle (Figure.2.3b)

and multiple parallel RC-element with different values corresponds to multiple semi-circles

(Figure.2.3d) in Nyquist plot representation. The non-ideal elements which are commonly

included to represent dispersive processes in ECM are the Warburg element (W) accounts for

the impedance from the diffusion of redox species, and the constant phase element (CPE) for

non-ideal capacitance.
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Figure.2.3. The impedance spectroscopy Nyquist plots of some of the important basic circuits

with resistor, capacitor and Warburg element.
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The IS can provide insights into the charge transport and recombination dynamics in OSCs and
has been widely adopted recently. A typical IS response of an OSC corresponds to a semicircle
in the Nyquist plot with information on resistive and capacitive processes in the device. This
method can easily identify multiple relaxation processes with different timescales in an OSC.
The parameters such as charge transport and recombination resistance, geometrical and
chemical capacitance, charge carrier lifetime and mobility can be extracted from the impedance
spectra along with information on bulk and interfacial properties. Relaxation processes with
different timescales can be simultaneously visualized as multiple semicircular arcs in the
Nyquist plot. The performance losses associated with non-ohmic contact in the devices can
make the analysis challenging. The selection of components for ECM also needs to be

appropriate while interpreting the data.
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Figure.2.4. Some of the important equivalent circuit models used to analyze and interpret the

impedance spectroscopy response of the organic solar cell.
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Various equivalent circuit models can be found in the literature to interpret the impedance
spectra of OSCs (Figure.2.4). As a rule of thumb, it is desired to use a minimum number of
circuit elements needed to fit the experimental spectra. The most commonly used circuit model
is a single parallel RC connected in series with another resistor element. The series resistance
in this Rs-RC model accounts for the resistance contribution from the electrode contacts, and
this element is common in all ECMs and graphically represents the shift from the origin along
the x-axis. The parallel RC elements represent the charge transport resistance in the device and
geometric capacitance originating from the device geometry, respectively. The model with two
parallel RC elements (Rs-R1C1-R2C>) is also widely used to interpret the impedance spectra of
OSCs. In this model, resistance elements R; and Rz account for the charge transport and
recombination resistance, respectively.!® The capacitance elements Ci and C: represent
geometric and chemical capacitance, respectively. Interpretations in which each parallel RC
unit accounts for the bulk and interfacial processes can also be found in the literature.'® Specific
modifications introduced in the devices from the control device also lead to the introduction of

appropriate circuit elements in the equivalent circuit model 22

2.4. Intensity Modulated Photocurrent Spectroscopy

Intensity-modulated photocurrent spectroscopy (IMPS) is a complementary approach to
impedance spectroscopy and has been utilised to gain insights into the charge transport and
trap-assisted recombination processes in OSCs. Contrary to IS, IMPS involves the application
of a small perturbation of light intensity in superposition with a large DC illumination and
measuring the corresponding modulated photocurrent response from the device. The light
intensity modulation over a range of frequencies generates a steady-state AC photocurrent

lon() with a characteristic profile of the device under test. It has been demonstrated that
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suitable modelling to the IMPS result performed without a background illumination can even

22-24

extract the trap density profile of the system.

=1, +1 Sin(et) LOCK-IN AMPLIFIER

Figure.2.5. Schematic depicting the experimental setup of the IMPS measurement in an

organic solar cell.

In general, the photocurrent response from an OSC to a superimposition of small sinusoidal
perturbation (lo Sin(wt)) in the presence of larger CW illumination (Ipoc) show a universal
maximum and decays at higher frequencies. The frequency response of the photocurrent and
the phase shift of the modulated photocurrent can be utilised to extract information on various
photophysical processes in the OSC. The low-frequency components of Ipn(®) are known to be
directly linked with the trap-assisted non-geminate recombination processes in the device.
Further analysis of IMPS data involves equivalent circuit modelling using passive elements

similar to the IS modelling and visualization in the Cole-Cole plot representation.?? 2°

Intensity-modulated photocurrent spectroscopy (IMPS) was carried out in a home-built
experimental setup. A low-noise LED (with different wavelengths) is used as a modulation
light source to generate modulated photocurrent. A function generator (Tektronix AFG 1022)
was used to drive the LED, and the photocurrent response was collected using a Lock-in

amplifier (SR830) interfaced using LabView software.
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2.5. Electric Noise Spectroscopy

The measurable inherent noise from the electronic devices can provide insights into the charge
transport processes in an operating device. The electric noise spectroscopy (ENS) is a valuable
tool in this regard, and a careful analysis of the photocurrent fluctuations in OSCs monitored
over a short time interval (pus-ms time scale) provides information on charge transport
recombination and extraction processes. It must be noted that fluctuation in the current or
voltage signal is stochastic in nature, but the statistical properties and features can be
independent of time. The ENS technique has been widely used in devices based on inorganic
semiconductors, and it is found to be useful in understanding charge transport in disordered
systems with hopping carrier transport mechanisms.?®?° In this technique, fluctuations in the
signal are recorded from the device under test (DUT), which can be analysed in the time domain
and compared with multiple data sets obtained from various external conditions applied to DUT
during measurement. The most useful and interesting analysis of the noise spectra is carried
out in the frequency domain by converting the time domain data into the frequency domain
through digital signal processing techniques such as fast fourier transform (FFT), which results
in power spectral density (PSD). Figure.2.6 show the schematic of the experimental setup used

for the noise measurement and typical time-domain data along with its PSD.

The noise from a pure resistor element is known as Johnson noise or white noise, and the power
spectral density is given by, Sy, = 4KzTR. Where R is the resistance, Kg is the Boltzmann’s
constant and T is the temperature. The term white noise indicates the frequency independence
of the noise PSD. Other than the Johnson noise, various other noise features such as shot noise,
flicker noise or 1/f noise are also observed in electronic devices. The shot noise is due to the
quantization of electric charge and is associated with the current in finite systems such as
quantum dots and quantum wires. The flicker noise or 1/f noise is common to almost all
electronic devices with inverse frequency dependence. The origin of the 1/f noise can be
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attributed to the fluctuations in the mobility of the carriers or due to the fluctuations in the
carrier density as a result of imperfection in the system.'” 30 Various models describing the 1/f
noise can be found in literature including Hooge’s model and Kleinpenning model.®! According

to Hooge’s model, the PSD is given by the relation,

S _an
12 " fN (38)

Where S;(f) is the fluctuation in the current, N is the carrier concentration, f is the frequency
and ay is the Hooge’s parameter. In general, the noise spectra of an OSC exhibit a 1/f
behaviour with the value of Hooge’s parameter between 0.8-1.4. Figure.2.6¢ demonstrate both

white noise and 1/f behaviour measured from an OSC under illumination condition.
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Figure.2.6. The experimental setup for electric noise spectroscopy along with a typical noise
characteristic of organic solar cells in time and frequency domain (frequency domain result

obtained through digital signal processing).
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Noise measurements were carried out in an electrically shielded and grounded environment
using a Faraday cage. A low-noise white LED (under steady-state DC light levels of ~ 10
mW/cm?) driven by rechargeable DC batteries is used to illuminate the device under test
(DUT). The output of the amplified current (from low-noise trans-impedance preamplifier,
Femto DLPCA-200) was sampled by a dynamic signal analyzer (Agilent 35670A). The time-
series data sampled above the Nyquist rate corresponds to an upper-frequency limit in the
measurement range. The lower frequency limit is determined by the total time span of one
sampled data set (or frame). Each frame is normalized by the gain at the preamplifier before its
Fourier transform, the modulus square of which gives the PSD. The PSD is averaged by the
total number of captured frames (50) for each set of results. The data processing and analysis
were verified with waveforms captured in the signal analyzer for periodic as well as an
aperiodic waveform. Control measurements verified the effectiveness of the electrical

shielding with the background noise (~1072% A%/Hz) largely limited by the preamplifier noise.

2.6.Transient Photocurrent Measurement

Transient electrical measurements are important tools to probe the photophysical processes in
OSCs due to the various range of time scales involved. Transient photocurrent (TPC) and
transient photovoltage (TPV) techniques can provide information on charge carrier extraction
time and carrier lifetime in OSCs.32-3 In the TPC technique, the device is perturbed by a short
light pulse (usually sub-ns pulse) using a pulsed laser and the corresponding decay in the
photocurrent response is studied using an oscilloscope.® During the TPC measurement, the
device is held at short-circuit condition, and the TPC decay profile provides information on

carrier extraction time and charge carrier density.3* The TPC measurement on BHJ OSCs is
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carried out using a sub-ns pulsed laser (AlphaLas) of wavelength ~ 532 nm, and the transient

profile is recorded using an oscilloscope (Keysight MDO).

2.7. Electroluminescence Measurement

The charge carrier injection into the OSC by applying external current to the device results in
bimolecular recombination of the carriers at the D-A interface. The luminescence produced in
this fashion is known as electroluminescence (EL) and can provide valuable information about
the device, including CT-state dynamics.® The EL measurement is more useful compared to
the PL emission because the carrier injection from the CT state in the D-A interface and the
emission represent the CT state of the blend. Whereas in PL spectra, the emission from the

individual components of the blend can dominate, and the CT emission can be suppressed.3-38

The EL measurements in OSCs were carried out using a source meter (Keithley 2400) which
is used to apply voltage bias to the device, and the subsequent emission from the device was

acquired using a spectrometer (Hamamatsu) and SpecEvaluation software.

2.8. Morphological Characterization using Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful tool to probe the morphology and texture of
thin-film samples. The history of AFM can be traced back to Binnig and Quate when they
demonstrated the concept of AFM in 1986, and later Wickramsinghe et al. developed an AFM
setup with a vibrating cantilever technique in 1987.3%4° AFM belongs to the class of scanning
probe microscopy (SPM) techniques with sub-nm resolution in imaging. When a cantilever
with an atomically sharp tip comes in the proximity of the sample, the short-range force of

interaction between them produces deflection in the cantilever.

93



Position sensitive
photodetector

Laser

back|

Cantilever with Tip

Figure.2.7. Schematic of the AFM experimental setup used to probe the surface morphology

of organic thin films.

This deflection is recorded using a laser beam and a position-sensitive detector arrangement to
decipher the information on the surface (Figure.2.7). The AFM can be operated in different
ways, such as contact mode and non-contact mode or ‘tapping” mode. In contact mode, the tip
of the cantilever comes in direct contact with the sample surface, and the deflection of the
cantilever is monitored, or the force of interaction is maintained constant using a feedback loop.
But this mode of operation has a disadvantage in that the tip can be damaged as it is dragged
over the sample surface, and the sample itself can undergo permanent damage. In non-contact
mode, the tip is made to oscillate close to its resonant frequency while scanning without making

direct contact with the sample surface. By keeping the amplitude and frequency of the
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oscillation constant, any interaction with the sample surface as the tip scan over it results in
amplitude change and is recorded to gain the topography information. In comparison, the non-
contact mode provides better resolution with minimum surface damage. AFM imaging is an
extensively used tool to probe the surface morphology of organic thin films.*:*? Insights into
the device performance - morphology correlation can be gained using AFM imaging of BHJ
films and serve as a valuable tool along with other complementary techniques such as KPFM,

TEM, SEM, R-S0XS, GIWAXS and VASE.*4

For surface imaging, a JPK Instruments Nanowizard 3 Atomic Force Microscope (AFM) was
used. The AFM head was mounted on an inverted microscope (Carl Zeiss). Feedback was
controlled using a four-quadrant position detector measuring the deflection of the 810 nm laser
from the AFM cantilever as the tip was scanned over the surface. The scans were performed
using Cr-Pt conductive cantilever tips procured from BudgetSensors with a force constant of

40 N/m and resonant frequency ~ 300kHz.

Additional methods and modifications to the stated techniques have also been used in the

course of the studies. These are described in the relevant sections of the different chapters.
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Chapter 3

Interfacial Engineering of Non-Fullerene
Acceptor IT-4F Based Organic Solar Cells

In this chapter, the role of interface layers (the region between the electrodes layer and the
active layer) is presented. The introduction of an interlayer in the standard device architecture
of thin-film OSC consisting of the active layer sandwiched between the anode and cathode
electrodes modifies the performance considerably.! in the absence of the interlayers; the
recombination losses present significantly reduce the device parameters; Voc, Jsc, and FF.2™
The introduction of interface layers of certain organic solar cells OSCs can mitigate the loss in
the performance parameters. The purpose of the interlayers is to enable unipolar charge carrier
extraction from the photoactive layer to the respective electrode. The electron transport layer
(ETL) and hole transport layer (HTL) with suitable orbital energy levels are introduced to
minimize the undesirable charge carrier accumulation and surface recombination at the
interface (Figure.3.1).% These buffer layers are important tools in the interfacial engineering of
the OSCs to maximize the performance of a given D-A combination.> ” For instance, the PCE
of P3HT:PCeBM BHJ OSC has increased to 4.2% by introducing suitable ETL and HTL from

2.3% without interlayers.® The key benefits of interlayers are:-

i.  Reduces the energy level mismatch between the active layer and electrode

ii.  Better contact selectivity and reduced charge carrier accumulation and recombination
iii.  Passivation of charge trap sites at the active layer — electrode interface
iv.  Prohibits the chemical reaction between the organic layer and the metal electrode

v.  Minimizes the moisture ingression into the photoactive organic layer

102



Basic D/A Junction

Figure.3.1. Schematic represents the energy band diagram of the organic solar cell
with (a) basic donor-acceptor junction, (b) only electron transport layer and (c) only
hole transport layer, respectively, to illustrate the function of transport layers in the

OSC device architecture.
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The standard device architecture involves an ETL and an HTL with an optimized thickness and
matched optoelectronic properties. In some cases, multiple interlayers are also used to enhance
the efficiency of the OSCs.>% The following section provides a brief overview of interlayers

and interfacial modifications used in OSCs with examples.

The interfacial modifications in OSCs can be broadly classified into (1) interlayers to reduce
energy level mismatch and charge transport barrier and (2) interfacial modifications to enhance

photon harvesting.10-1!

Table 3.1. Survey of reported interlayers and interface modifications in organic solar cells.

Interlayers Examples Ref.
Metals Ca, Mg, Ba 12

Metal oxides ZnO, MoOy, NiO, 18-17

V205, WO3

Organic conjugated molecules NDIs, PDlIs 18-21

Organic polymers PEDOT:PSS 22-24

Organic dyes Perylene bisimide 2526

Interfacial dipoles PEIE, PFN, PFN-Br 21-29
lonic liquids [BMIM]BF4 %0
Optical spacers TiOx« 31
Plasmonic nanoparticles Au NPs, Ag NPs 32
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The low work function of alkali metal and alkaline earth metals (Ca, Mg, Ba, LiF salt) are
cathode interlayers (ETL) which reduce the work function of metal electrodes and enhance the
electron extraction in the device.33-** These materials are mostly used in organic light-emitting
diodes (OLEDSs) and are also utilised in OSCs. The thermal evaporation method is used to
deposit these layers in the device. Metal oxides (ZnO, MoOy, TiO) are another important class
of interlayers and are widely used in standard device architecture.®®-%® ZnO is the most
extensively used ETL in the inverted device architecture of OSCs. The relatively high electron
mobility, solution processability, high transparency in the visible region, excellent stability and
suitable energy levels (valance band ~ -7.8 eV and conduction band ~ -4.4 eV) make ZnO film
a well-suited cathode buffer layer in OSCs with inverted device architecture. The ZnO buffer
layer is mostly fabricated using the sol-gel method, and it can also be fabricated from ZnO
nanoparticle dispersion and, in some cases, using the atomic layer deposition (ALD) method.**
The standard ETL in all the devices fabricated in this thesis also uses the ZnO film, and the

fabrication process of the ZnO layer is discussed in detail in the following section.

The use of interfacial dipoles (PEIE, PFN) at the BHJ/electrode interface can create a local
electric field by forming electronic dipoles at the interface, which further help extract the
electrons. Interfacial dipole layers are relatively thin and can be incorporated with other ETL
such as ZnO.*” Apart from this, organic molecules such as PDIs, NDIs and fullerene derivatives
can also be used as the ETL due to their high electron mobility and compatibility with the

acceptor molecules in the BHJ layer.2%-2

The organic polymer PEDOT:PSS (mixture of two ionomers) is a widely used HTL owing to
the properties of good film-forming capability, high transparency in the visible region and
tunable conductivity (10— 10% S/cm™).3 The high work function of PEDOT:PSS film (5.0 —

5.2 eV) is suitable to align with the anode and the HOMO level of the BHJ active layer.” 22:3°
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The optical spacers (TiOx, ZnO) and plasmonic nanoparticles (Au NPs, Ag NPs) are interfacial
modifications to enhance photon harvesting and thereby improve the Jsc of the OSCs. The
optical spacer is an optically transparent layer that helps to maximize the absorption of back-
reflected photons by facilitating constructive interference of incoming and reflected light at the
active layer. The optimized thickness of the optical spacer leads to the constructive interference
of incident and reflected light at the BHJ layer and increases the number of photogenerated
carriers and Jsc. The plasmonic nanoparticles interlayer help to scatter the incident light at the
BHJ interface and thereby enhances the photo-absorption of the active layer. The incoming
light which passes through the thin active layer without being absorbed due to the low-
thickness (~100 nm) of the BHJ layer can be trapped at the active layer by the photon scattering

of plasmonic nanoparticles.® 32

This chapter discusses the utility of the PC70BM interlayer between electron transport layer
ZnO and the active layer in inverted OSCs of PBDB-T-2CIL:1T-4F BHJ. The presence of a
PC70BM interlayer can significantly improve the device performance and exhibit a 33%
enhancement in PCE compared to control devices. The combination of ZnO/PC7BM as an
electron transport layer in this specific NFA (IT-4F) based BHJ helps to reduce interfacial

transport and surface recombination losses to result in high Jsc.*°

3.1. Device Fabrication of Organic Solar Cells

The chemical structure of PBDB-T-2Cl, IT-4F and PC70BM is shown in Figure.3.2. PBDB-T-
2Cl and IT-4F were purchased from Solarmer materials Inc (China). Phenyl-C71-butyric acid
methyl ester (PC70BM) was purchased from Luminescent Technologies (Taiwan). All

chemicals used as received.
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Figure.3.2. The chemical structures of (a) PBDB-T-2Cl, (b) IT-4F and (c) PC70BM.

The structure of inverted OSC devices with interlayer is ITO/ZnO/ PC70BM/PBDB-T-2CI:1T-
4F/MoOs/Ag, shown in Figure.3.3a. Zinc oxide (ZnO) nanoparticle dispersion (from Sigma-
Aldrich) in ethanol was spin-coated on precleaned and patterned indium tin oxide (ITO)
substrates (sheet resistance ~7 [1/sq) to obtain = 40 nm thick ZnO film. ZnO layer was
thermally annealed in air at 120 °C for 30 minutes. The interlayer devices were fabricated by
spin-coating PC70BM (dissolved in chlorobenzene with a concentration of 10 mg mL™) at 3500
rpm for 1min on the ZnO layer, followed by thermal annealing at 120°C for 15 min inside a
nitrogen-rich glove box. Thermal annealing of the PC70BM layer ensures the solidification of
the film and reduces the complete dissolving or washing away of the layer when the BHJ layer
is cast on top of it. The spin-coating of the interlayer was optimized to obtain a thickness of the
PC70BM layer ~20 nm. 20 mg/ml solution of PBDB-T-2CI:IT-4F (1:1.2 ratio of donor and
acceptor polymers) in chlorobenzene: Diiodooctane (99.5:0.5 v/v) solvent was used to form
BHJ active layer films. The active layer formed was obtained from spin-coating at 1500 rpm
for 60 s on the ZnO-coated ITO substrates inside a nitrogen-rich glovebox. Dynamic spin
coating was employed for a quick dispensation of the BHJ layer due to the commonality of

solvent. The Oz and H2O levels in the glovebox are maintained to < 0.5 ppm and < 2 ppm,
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respectively. The devices (electrode area ~ 0.09 cm?) were completed by thermal evaporation

of = 10 nm layer of molybdenum oxide and a 100 nm layer of silver.

3.2. Current-Voltage Characteristics

The introduction of the PC70BM interlayer distinctly improves the device performance, as
observed in the J-V characteristics of OSCs shown in Figure 3.3.b. The summary of results
from tests of a large number of devices (~ 120) forming a reasonable data set is provided in

Table 3.2. reveals this definite trend.
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Figure.3.3. (a) Device architecture of inverted BHJ Organic Solar Cell with the PC70BM
interlayer (b) Typical J-V characteristics of the PBDB-T-2Cl: IT-4F solar cells with and
without PC70BM interlayer under simulated AM1.5G (100 mW cm?) illumination.

It must be noted that the PC70BM interlayer needs to have an optimum thickness (~ 20 nm) to
extract the best performance parameters (thickness determined from ellipsometry data) by
fitting the B-spline method using complete EASE software). PBDB-T-2CI:1T-4F BHJ OSC for
this 20 nm-PC7oBM interlayer results in efficiency as high as 12.1% accompanied by a short

circuit current density Jsc ~ 23 mA/cm? (Figure.3.4a). The statistics of the performance metrics
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carried over a sizable number (100) of devices reveal an increase of average PCE by 33 %
(change of PCE from 8.4% to 11.2%). The efficiency enhancement is largely due to the
significant improvement in Jsc from 15.7 mA/cm? to 20.7 mA/cm?, along with a mild

improvement in fill factor (FF) and Voc.

Table 3.2. The Solar cell parameters of PBDB-T-2Cl: IT-4F solar cells without and with
PC70BM interlayer under simulated AM1.5G (100 mW cm-2) illumination.

Voc Jsc Fill Factor Efficiency Rs? Rsh?
V) (mAcm™) (%) (%) (Qcm?)  (Qcm?)

Device

Without  0.800 +£0.004 15.70+0.28 66.70+0.40 8.44+0.09 54 2.9x10°
interlayer

With 0.810+0.004 20.69+1.83 6741+1.17 11.23+0.79 1.9 9.6 x10*
interlayer

(a) calculated from dark J-V curve at 1.2 V; b) calculated from the dark J-V curve in the regime
around 0 V.

This response is consistent with the scenario of high Jsc due to reduced barriers and a nearly
unchanged Voc which is controlled mainly by the bulk D and A molecular levels. The efficient
electron extraction using the PC70BM interlayer shows the formation of a better interface
between the active layer and cathode in the device. However, it may be noted that there is a
mild reduction in the shunt resistance (Rsn), with the FF nearly unchanged. This set of
observations can be interpreted in terms of the inevitable mixing of the BHJ active layer at the
interface of PC7,0BM/BHJ is expected due to the commonality of the solvent used for the
interface and bulk layers and eventually leading to change in the surface morphology of the
BHJ. FF and Rsh are known to be impacted by the morphology and non-ohmicity in the charge

extraction at the anode side.*
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Figure.3.4. (a) J-V characteristic of the PBDB-T-2CI: IT-4F champion interlayer device under
simulated AM1.5G (100 mW cm™) illumination and (b) Absorption spectra of thin films of
PBDB-T-2ClI: IT-4F BHJ and PBDB-T-2Cl: IT-4F BHJ coated on PC70BM layer.

The absorption spectra of PBDB-T-2CI:IT-4F BHJ thin film and PBDB-T-2CI:1T-4F BHJ thin
film coated on PC70BM layer shown in Figure.3.4b indicates the enhancement in Jsc is not due
to the improved light absorption of the PC7oBM layer. The dark J-V characteristics of control
and interlayer devices are shown in Figure.3.5a, which illustrates that the leakage current is
lower in the interlayer device. Furthermore, the interlayer device shows an improved
rectification ratio indicative of better contact selectivity obtained by the PC70BM layer in the
device.*** These features correlate with the efficient charge carrier extraction behaviour of
interlayer devices under illumination.*>-* Differential diode ideality factor (1;4) obtained from
dark J-V sheds light on recombination processes involved in the device.? 48 It is estimated

from the slope in the exponential region of the dark J-V curve using the relation,

= (200 @)

The calculated 7n;; at different voltages for control and interlayer devices is depicted in
Figure.3.5b. A reduction in the ideality factor for the interlayer device (n;4,~1.5) in comparison
with the control device (n;4~2) is suggestive of reduced bimolecular recombination and
improved device performance.
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Figure.3.5. (a) Typical dark J-V characteristics, (b) differential diode ideality factor obtained
from dark J-V characteristics of the PBDB-T-2ClI: IT-4F solar cells without and with PC70BM
interlayer (ideality factor for control device ~ 2.04 and interlayer device ~ 1.55) (c) Jpnh and (d)
charge collection efficiency of the PBDB-T-2Cl: IT-4F solar cells and with the inclusion of
PC70BM interlayer.

Photocurrent density (Jpn) as a function of effective voltage (Verf) for the control and the
interlayer devices are studied to gain insights into the efficiency enhancement of interlayer
devices.**® The double logarithmic plot of Jpn(Verr) at room temperature is shown in
Figure.3.5.c. Jpn =JL-Jp, where J. and Jp are the current densities measured under AM1.5G
illumination and dark, respectively. Vet = Vo-V where V, corresponds to the voltage where
Jph=0 and V is the applied voltage. At low Ve (< 0.1 V), Jon has a linear dependence on the

voltage for both types of devices. In this region of Jon(V), dJpn/dV for the interlayer device is

111



less than dJpn/dV for the control device. This trend is also consistent with models suggesting
decreased recombination and enhanced charge collection for the interlayer device.>*>! At
higher Vet (> 1 V), all generated electron-hole pairs are assumed to be dissociated and collected
at the electrode, and Jon becomes saturated. Jpn saturates towards Jsat for both the devices above
Vet~ 0.4 V. The charge collection efficiency is estimated from Jpn/Jsat s Shown in Figure.3.5d,
and it clearly indicates the increase in the case of the interlayer devices. Since both the devices
have identical anode contacts, interfacial properties at the cathode due to the PC70BM interlayer

resulted in enhanced charge collection in the interlayer device.5?%

The light intensity-dependent J(V) response also highlights the role of the PC70BM interlayer.
Jsc was studied as a function of light intensity for control and interlayer devices, as shown in
Figure.3.6. Jsc (intensity) has the form of Jgc = CI*(a < 1), where C is a constant. o assumes
a value in the range of 0.5 to 1, and a < 1 corresponds to the dominant bimolecular
recombination.>*®” The a estimate for the interlayer devices (0.92) is marginally higher than

that of control devices (0.91).

™ v T —TTTT
® without interlaye 7
] —Fit

® with interlayer
—Fit

10

Jge (MA/CM?)

o =0915£0.001
14 ® 0=0921£0002 4

— . ——r
10 100
Light Intensity (mW/cm?)

Figure.3.6. Light-intensity dependence of Jsc for PBDB-T-2CI:1T-4F solar cells without and
with PC70BM interlayer. Neutral density filters are used to vary the intensity of AM 1.5G 1 sun

illumination.
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On the other hand, the LUMO energy level of ZnO is =~ -4.4 eV and for PC70BM is = -4.0 eV.
These levels indicate the pathway for the photogenerated electrons in the BHJ via an

intermediate state and provide a low-loss mechanism for charge extraction at the cathode.>>°

3.3. Charge Transport Study using Impedance Spectroscopy

The process in the bulk and interface can be closely followed by frequency-domain impedance
measurements, Z(w). The relaxation processes associated with the physical processes have
their signatures in Z(w) studies. This method has been utilized to follow various charge
transport and recombination processes with different time scales in an operating device.®-%!
Here, a small sinusoidal voltage perturbation of varying frequency applied to the device along
with a constant DC voltage and subsequent relaxation is studied. A wide enough frequency
range of the ac voltage from 10 Hz to 2 MHz was selected for the measurement to obtain
information on electrical processes with various response time scales. Figure.3.7a shows the
Nyquist plot of control and PC70BM interlayer devices obtained in the dark and under open-
circuit conditions. The response -Z"’ (-imaginary part of Z(w) ) vs Z'(real part of Z(w)) of the
optimized control and interlayer, devices reveal a single semi-circular arc, and a simple

equivalent of RC element provides a description of the response.

Equivalent circuit analysis (Table.3.3) indicates a significant reduction in charge transport
resistance (Rct) for the PC70BM interlayer device, again confirming the enhanced contact-
selectivity for electron transport and efficient charge collection.3 6263 The nearly unchanged
C1 of = 40 nF cm2 for both control and interlayer devices implies that the frequency shifts in
Z(w) primarily arise from changes in the device resistance.®*® Bode plots (magnitude of the
impedance and phase vs frequency) show the dependence of frequency with better clarity on

high-frequency response explicitly. Bode plots of control and interlayer devices (Figure 3b,c)
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depict the reduction in charge transport resistance due to the PC70BM interlayer as a shift in

peak towards a high-frequency region (~10° Hz) in comparison with the control device

(~5x10°Hz).
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Figure.3.7. (a) Nyquist plot of the PBDB-T-2ClI: IT-4F solar cells without and with PC70BM
interlayer at room temperature and under dark conditions. Bode plots of (b) magnitude of
impedance and (c) phase angle of devices without and with PC70BM interlayer. The upper left
inset in (a) shows the equivalent circuit for experimental data fitting (Ry series resistance,

Ro=RcT charge transport resistance and C1=C4 geometric capacitance).

Table.3.3. Summary of parameters from equivalent circuit analysis of PBDB-T-2CI: IT-4F
cells and cells with PC70BM interlayer.

R,(2cm?) R, (kf2cm?) C; (nFcm™2)
Without interlayer 1.75 21.59 39.1
With interlayer 1.79 2.93 42.2

(R1 series resistance due to the contacts at ITO and anode, R.=RcT charge transport resistance
and C; represents geometric capacitance).
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3.4. Charge Transport Study using Photocurrent Noise Spectroscopy

Electric noise spectroscopy is a facile tool to probe intrinsic processes and device stability in
electronic devices.®® The fluctuations in the time-series of photocurrent Ion(t) under steady-
incident illumination are the manifestation of different inherent processes, such as trap-
mediated charge transport in the bulk and interfacial barrier-limited transport.%6%” The
parameters describing the 1/f behaviour, such as the range and onset of the power spectral
density (PSD), provide a quantitative tool to compare the devices.’ It has earlier demonstrated
in PTB7-Th:PC7BM devices the improved charge collection efficiency and better contact
selectivity result in a reduction in the magnitude of the fluctuation amplitude and consequently
the PSD.2 In general, low-noise amplitude (PSD) of the fluctuations in the lpn(t) time series

correlates with improved device performance.®’
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Figure.3.8. Normalized PSD of photocurrent noise spectra at 300 K (obtained from time-series
measurements using dynamic signal analyzer ~104 samples s for 40 s, under steady-state DC
light levels of ~ 10 mW cm-2) of the PBDB-T-2ClI: IT-4F solar cells along with the presence
of PC70BM interlayer. The upper right inset shows the photocurrent fluctuations in the time

domain.
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Table.3.4. Normalized PSD values at 2 Hz and the frequency exponent calculated by fitting to
Hooge’s model of PBDB-T-2CI: IT-4F solar cells without and with PC70BM interlayer.

Device S, /12 Hz' (at 2 Hz) y
Without interlayer 1.45 x 101! 1.25
With interlayer 1.77 x 1014 1.27

In the present study, the noise spectra of control and interlayer devices provide further insight
into the enhanced performance of the interlayer device and confirm the underlying trend.
Normalized PSD (NPSD) of control and interlayer devices captured under steady-state low
noise white light illumination is shown in Figure.3.8. Noise spectra in the frequency domain
follow 1/ f¥ behaviour, typical for the organic solar cells with y in the range of 0.8 — 1.4 in
conventional devices.%® A v value of ~1.3 (Table.3.4) was obtained for the devices with a
reduction in NPSD in three orders of magnitude for interlayer devices (1.77 x 10 Hz?) in
comparison with the control device (1.45 x 10** Hz!) indicating improved charge collection

and reduced charge transport barrier.

3.5. Summary

In summary, the introduction of interface layers can maximize the performance of certain
organic solar cells (OSCs). It is demonstrated that high-efficiency non-fullerene acceptor
(NFA) based solar cells can be further improved upon the insertion of PCz0BM as an interlayer
between the electron transport layer and the active layer. The introduction of ~20 nm thick
interlayer of PC70BM between the cathode-buffer layer, and the BHJ active layer of PBDB-T-

2CI:IT-4F, is an effective strategy to enhance the PCE of the solar cell. The combination of
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ZnO and PC7BM layers between the cathode and bulk heterojunction (BHJ) active layer
appear to serve as a better selective contact by reducing the charge transport barrier and
recombination. The enhanced short-circuit current density (Jsc) is characterized by a low series
resistance (< 2 Qcm?), improved charge collection efficiency and power conversion efficiency
(PCE). The improvement is primarily due to the enhanced Jsc and has been traced to reduced
interfacial charge transport barriers and increased charge collection efficiency. Furthermore,
the PC70BM interlayer suppresses the interfacial recombination and provides better contact
selectivity. Impedance and noise spectroscopy studies corroborate these findings and validate

the interpretations.
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Chapter 4

Comprehensive Investigation of Light and Temperature Induced
Degradation in Non-Fullerene Acceptor IT-4F Based Organic

Solar Cells

Recent advancements in the power conversion efficiency (PCE) of non-fullerene acceptor-
based bulk heterojunction (BHJ) OSCs indicate a promising future for commercial feasibility.'
Currently, PCE exceeds 18% for single-junction binary and ternary devices; with the existing
donor-acceptor (D-A) combination, 20% PCE is within reach.*® The molecular design strategy
has largely focused on improving performance efficiency.® More recently, efforts to improve long-
term stability have gathered momentum.'®*®* For OSCs to become a mature technology and
commercially successful, a longer device lifetime is necessary, along with high performance.'4
Background of device degradation and stability aspects of OSCs with emphasis on NFA-based
systems has been provided in Chapter 1. It was emphasized that a comprehensive understanding
of factors contributing to device stability and degradation mechanisms is required to optimize OSC
devices for high efficiency over long lifetimes. " The present chapter focuses on these issues in

the specific BHJ systems based on the NFA acceptor IT-4F.

Recent studies on degradation in non-fullerene acceptors (NFAs) such as IT-4F based devices
reveal several years of a lifetime for encapsulated devices under certain aging conditions.'® The
various options increasingly available for encapsulation and packaging can be used to prolong the
device performance.'®2° However, the inherent instability of the device constituents towards

external factors such as UV exposure and thermal cycling need to be quantified and understood.
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A typical OSC device with a laboratory-standard barrier layer undergoes a more rapid degradation
during the initial period of operation as compared to the subsequent stages. This initial drop, called
the “burn-in” period, is system-specific and exhibits a decay time-scale of a few hours to hundreds
of hours.?! The “burn-in” degradation is significant in OSCs; in some cases, they constitute nearly
50% of the initial performance. For instance, in PCE11: PC70BM OSCs, a drop of 39% in PCE is
observed after 120 hours, even in dark conditions.?? Similarly, in PBDB-T: ITIC OSCs, a reduction
in PCE of over 50% was observed for aging under continuous one sun illumination for 5 hours.?®
A thermal stress of 85°C in the presence of air for initial 5 hours in PTB7-TH: IEICO-4F based

OSCs was also shown to reduce the PCE by over 70%.%*

In this regard, understanding the burn-in loss mechanisms and material-device engineering to
reduce the burn-in time and loss is essential.?> The factors causing the degradation of OSCs during
the operation are discussed in chapter 1. Amongst these, light-induced degradation (LID) and
temperature-induced degradation (TID) are the major cause of the rapid deterioration of
encapsulated device performance. Photochemical and thermochemical degradation, which occurs
in the presence of oxygen and moisture, are also significant.%” The chemical reaction between
different layers in the device and the chemical stability of the active layer materials themselves to
sustain continuous photoexcitation also becomes decisive in device stability.?® The instabilities
induced by atmospheric factors like oxygen and moisture can be minimized through
encapsulation.’®° It must be noted that cost-effective plastic-based encapsulation can only protect
the device partially from the atmospheric factors, while glass-based encapsulation is not entirely

appropriate for flexible devices.?%-%

In this direction, the present studies reveal the effects of LID and TID during the initial period (for

the initial 10 hours and 120 hours) of NFA-based single-junction binary OSC in an inert
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atmosphere. Degradation and aging studies were carried out with different initial conditions (UV
dosage, thermal history, presence or absence of additives) by monitoring the cell parameters over
a sufficiently long duration to arrive at the trajectory trend of the device. These studies also
emphasize the need for a standardized protocol of OSCs, where the relative UV component dosage

metrics are also specified.

4.1. PBDB-T-2CIl:IT-4F Inverted Organic Solar Cells

PBDB-T-2CI donor blended with NFA IT-4F based BHJ in an inverted device architecture is
selected for the studies and uses the more stable inverted device architecture.®3* The NFA
molecule IT-4F selected for the present study is one of the highly stable ITIC derivatives mainly
due to the fluorination of the end group.'® The inverted device 1TO/ZnO/PBDB-T-2CI:IT-
4F/MoOs/Ag, along with the additive 1,8-diiodooctane (D10) used in the BHJ solution processing,
is used to arrive at optimized active layer morphology for high performing devices.3* The materials
PBDB-T-2Cl and IT-4F were purchased from Solarmer materials Inc (China). 1,8- diiodooctane
were purchased from Sigma Aldrich. All chemicals were used as received in the solar cell device
fabrication. Zinc oxide (ZnO) nanoparticle dispersion (purchased from Sigma-Aldrich) in ethanol
was spin-coated on precleaned and patterned indium tin oxide (ITO) substrates to obtain 40 nm
ZnO film. ZnO layer was thermally annealed in air at 120 °C for half an hour. For PBDB-T-2CI:IT-
4F, BHJ solutions of 1:1.2 ratio of donor and acceptor with polymer concentration at 20 mg/ml in
chlorobenzene:diiodooctane (99.5:0.5 v/v) solvent. BHJ solutions were kept for stirring overnight
at 40 °C. The active layer was then spin-coated at 1500 rpm for 60 s on the ZnO-coated ITO

substrates inside a nitrogen-rich glovebox. The devices (electrode area ~ 9 mm?) were completed
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by thermal evaporation of a 10 nm layer of molybdenum oxide and a 100 nm layer of silver at a

base pressure of 10° mbar.

High-performance devices with performance parameters similar to the reported values were
consistently obtained for a large number of devices (>100) which were needed to conclusively
establish the trends observed in these studies. The narrow distribution of the parameters (short
circuit current density Jsc, open-circuit voltage Voc, fill factor FF) from the devices with a
specified set of processing conditions and dosage metrics were taken into account in the analysis

and interpretation of the results.

T T 7T
—o— PBDB-T-2Cl:IT-4F

Vo, =0.807V J . =21.38 mA/cm®
FF =58.22% PCE = 10.05%

[$;]
1

o

&
1

Current density (mA/cm?)

T T L S Y SN E a
04 = 02 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure.4.1. Typical J-V characteristics of the PBDB-T-2CI:IT-4F solar cells under simulated
AM1.5G (100 mW/cm?) illumination (inset shows the device architecture used for the study).

The current-voltage characteristic (J(V)) of a typical device is shown in Figure.4.1, along with the
device architecture in the inset. Typical PBDB-T-2CI:IT-4F devices exhibited efficiency centred
around 10% with Jsc exceeding 20 mA/cm?. For the accelerated-ageing studies, the stresses (light
and heat) are applied to these unencapsulated devices housed in inert chambers immediately after
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the first J-V measurement. These devices can be classified under “perfectly encapsulated” devices
undergoing selective degradation. Long-term monitoring of device storage life for more than 1000
hours was also carried out to understand the storage life of these devices, as shown in Figure.4.2.
Even after 1000 hours, the device performance parameters are above T80 lifetime (time taken to
reduce the initial efficiency to 80% of its initial value). It must be noted that during the storage life
monitoring, the devices are exposed to short-term AM1.5G 1 Sun illumination to record the J-V

characteristics at regular intervals of time.
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Figure.4.2. Normalized cell parameters of PBDB-T-2CI:IT-4F solar cells monitored for more than
1000 hours during the storage life in an inert and dark atmosphere (inset bar chart shows the

relative change in the parameters of fresh and 1000 hours aged devices).

4.2. Monitoring the evolution of current-voltage characteristics

For the present studies, devices exhibiting PCE greater than 8% were chosen as the minimum PCE
on which the degradation process was initiated. J(\V) of these devices were then monitored over a
period of 10 hours when UV exposure and thermal conditions were maintained on these devices
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in an inert atmosphere for 10 hours. Figure.4.3 shows the normalized cell parameters, including
Voc, Jsc, FF, and PCE of the devices exposed continuously to 1 sun (AM1.5G) illumination, 1 sun
(AML1.5G) illumination with a UV-cut filter (to remove UV components < 400 nm from the
incident light ) and subjected to continuous thermal stress of 70°C for a ten-hour duration in an
inert condition. These three accelerating aging stresses were applied in parallel but separately and
isolatedly to the devices. These selective stability test conditions enable identifying the degradation
processes initiated by light and heat exclusively in an encapsulated device. And it is anticipated
that the results from this study will serve as a guideline for designing stable NFAs for OSCs. In
the case of devices exposed to continuous one sun illumination, it is observed that a significant
reduction in PCE of ~ 38% is observed that is accompanied by a reduction in Voc of ~ 28%
(Table.4.1). The insertion of a UV-blocking filter substantially mitigates the degradation rate in
the reduction of PCE to only a 16% drop from the initial value over a period of ten hours and is
accompanied by a smaller reduction in Voc (~ 3%) over the same duration. This observation
indicates that the initial burn-in due to UV-induced degradation occurs predominantly via
mechanisms that primarily affect VVoc. Previous reports attributed the photochemical reaction of
UV-induced radicals of leftover-DIO with NFA-ITIC as the mechanism which expedites the
device degradation.®® Koster et al. have also shown in the fullerene-based device that the remnant-
DIO can act as a photo-acid, and upon UV-illumination, the formation of electronic traps can lead
to accelerated ageing of the device.® In this context, it is noted that in our studies, the UV-induced
trend is present even in the absence of additives like DIO. In the present case, factors non-related
to morphological changes also appear to contribute to UV-induced degradation. The UV-blocked
studies of the NFA cells are consistent with the reported results of a much slighter and gradual

decrease in efficiency.®
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Figure.4.3. Normalized J-V parameters of PBDB-T-2CI:IT-4F solar cells under (a) simulated
AM1.5G 1 sun (100 mW/cm?) illumination (b) simulated AM1.5G 1 sun (100 mW/cm?)
illumination with a UV-cut filter introduced to remove the UV components and (c) thermal stress

of 70°C for the initial 10 hours of device operation continuously in an inert condition, data points




Table.4.1. Percentage reduction in solar cell parameters of PBDB-T-2CI:IT-4F devices after
continuous exposure to ageing stresses for 10 hours (Figure.4.3). The quantities represent the
average of results obtained from six devices, each with the error range for the PCE represented by

the maximum deviation from this value.

Aging Stress Voc (%) Jsc (%) FF (%) PCE (%)
(10 hours) reduction  reduction  reduction reduction
average with
error range

1 Sun illumination 275 34 12.5 385+8.6

1 Sun illumination 2.5 59 8.1 159+6.4
(with UV-cut filter)

Thermal stress (70°C) 3.9 25 15.0 16.3+5.1

Since the UV spectral component, which constitutes about 4.6% of the AM1.5G light source,
appeared to play a crucial role (Appendix C shows the analysis of the spectral distribution of
AM1.5G solar spectra). Light sources of exclusive UV (A ~ 350 - 400 nm, Pout ~ 1 mW/cm?) and
white light (A ~ 400 — 700 nm, Pout ~ 35 mW/cm? ~ 0.3 Sun) were utilized to isolate the
contributions (illumination spectra of the light sources are shown in Figure.4.4). The advantage
of these light sources was that long hours (> 500 hours) of exposure inside a glove-box
environment is possible. In the present studies, results from devices exposed separately to a white
light (UV-free) illumination and UV-illumination for 120 hours in the inert atmosphere were
examined. Optimized control devices made using a 0.5% volume fraction of DIO, along with
additive-free devices, were also studied with this combination of UV-illumination and UV-free
white light (Figure.4.5). Percentage reduction in the performance parameters (Voc, Jsc, FF and
PCE) of OSCs under various accelerated ageing conditions are summarised in Table.4.2. OSCs,

which are continuously exposed to white light illumination, maintained more than 90% of their
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initial efficiency even after 120 hours. While in contrast, devices exposed to UV-illumination
suffered from a severe PCE loss of close to 65% of its initial value, accompanied by a 34%
decrease in Voc. This is nearly consistent with the earlier short duration (10 hours of AM1.5G
illumination) measurements. On the other hand, devices fabricated without DIO also dropped from
the high-efficiency values by 55%. The Voc drop (~ 21%) for the DIO-free devices was
comparatively smaller in the overall contribution to the PCE decrease. The Jsc decrease for the
DIO-free devices was similar to ~ 20% in these devices. A significant reduction in FF (~ 27%)
was observed in both devices, and in the case of the DIO-free device, it formed the dominant factor
in the decay during the burn-in period. This indicates that apart from additive-solvent-assisted UV
reaction inducing morphology changes and instabilities, the photochemical changes of BHJ
constituents are present. The donor and acceptor molecules under continuous UV excitation over

a long period result in a transformation in such a manner to affect both Voc and, ultimately, Jsc.
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Figure.4.4. The illumination spectra of light sources (a) white LED and (b) UV- LED used for the
stability study.
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Figure.4.5. Normalized J-V parameters of PBDB-T-2CI:1T-4F solar cells under (a) white light
illumination (UV-free), (b) UV-light illumination, (c) UV-light illumination on devices fabricated
without using solvent additive DIO, and (d) thermal stress of 70°C, respectively for the initial 120
hours of device operation continuously in an inert condition (error bar indicated and an average of

6 representative devices).
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Table.4.2. Percentage reduction in solar cell parameters of PBDB-T-2CI:IT-4F devices after
continuous exposure to aging stresses for 120 hours (Figure.4.5). The quantities represent the
average of results obtained from six devices, each with the error range for the PCE represented by

the maximum deviation from this value.

Aging Stress Voc (%) Jsc (%) FF (%) PCE (%)

(120 hours) reduction  reduction reduction reduction

White light (non-UV) illumination 3.6 2.1 3.4 8924
UV-light illumination 34.0 27.6 27.3 65.4 + 3.1
UV-light illumination 21.4 20.2 27.6 546 £2.8

(devices w/o DIO additive)

Thermal stress (70°C) 4.1 94 24.6 346+1.7

4.3. Spectroscopy signature of photochemical degradation

To further understand the large drop in performance metrics of the device and to elucidate the role
of active layer components under UV exposure, Fourier-transform infrared (FT-IR) measurements
were studied. The IR-spectra of the BHJ film (without DIO) indicates a distinct shift in the region
(~ 1564 cm™), corresponding to the aromatic C=C group of the acceptor IT-4F molecule. This shift
to lower wavenumber (~1562 cm™) upon UV exposure of short duration ~ 5 hours (Figure.4.6) is
observed only for the BHJ blend and not present for the UV-exposed pure donor and acceptor
samples. This trend suggests the role of the modification of D-A ground state interaction. A
broadening of the CT manifold can possibly explain the decrease in Voc. 343 The other possibility
is the weakening of conjugation in the acceptor molecule giving rise to increasing barrier-mediated

charge transport pathways.** It is known that oxidative degradation and associated disruption in
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the charge transport pathways within the BHJ layer are due to UV exposure.*® UV-induced

photochemical changes such as C-H bond rearrangements and the formation of metastable carbon
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Figure.4.6. (a), (b) Typical FT-IR spectra of pristine PBDB-T-2Cl, IT-4F and BHJ films (c)
spectra of fresh and UV-light exposed BHJ film and (d) show the band shift associated with IT-4F
molecule.

dangling bonds at the D-A interface are known to expedite degradation in inert conditions.*®
Photocatalytic reaction of NFA in the presence of electron transport layer ZnO results in breaking
of the double bond connecting electron-donating and accepting groups within the acceptor
molecule.*” The preparation of ZnO solution via sol-gel method involves dehydration reaction of
Zn(OH)3~ leading to the formation of hydroxyl groups on ZnO surface. The presence of a large
number of hydroxyl groups on the ZnO surface is known and can expedite the photocatalytic
reaction resulting in the formation of hydroxyl radicals (*OH). These hydroxyl radicals possess a

strong oxidizing ability which can decompose the organic layer. Further, it was shown that the
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presence of a high density of surface defects in low-temperature solution-processed ZnO and the
UV excitation results in the formation of hydroxyl radicals (*OH), which can decompose the vinyl
group in ITIC and its derivative NFAs such as IT-4F.3> 4" This process can lead to breaking the
conjugated structure and consequently weakens the charge transport, particularly at the interface
with the interlayer.*” Similar results and features of the optimized devices using both types of ZnO
(sol-gel method and nanoparticle dispersion) were observed. A combination of these mechanisms

may be at play for the present system.

It should be mentioned that degradation caused by thermal stress belongs to a different class of
decay, where the device evolves at a much slower rate. For example, the initial 10 hours of thermal
stress (70°C) maintains the device efficiency above 80% of its initial value with a marginal
increase in Jsc. Improved thermal stability of NFA-based devices in comparison with fullerene
counterparts is known, and the degradation is found to occur mainly due to a significant drop in
the FF.*-50 An average drop in efficiency of 16.3% after 10 hours of thermal stress is observed
mainly due to the reduction in device FF by 15% (Figure.4.5). This feature is more visible with
the extended thermal stress for a period of 120 hours. The average drop in PCE is nearly 34%,
with a significant contribution from FF reduction (Figure.4.5). Voc loss after 120 hours of thermal
stress is still minimal (~ 4%), which indicates bulk-related recombination losses are not significant.
This observation is consistent with the moderately improved thermal stability of NFA-based BHJs
and the thermal stress for this short period having a comparatively less detrimental impact on the

active layer.?8 5!

These changes in the device performance are not readily observed in the optical absorption spectra
of the individual layers. Absorption spectra of PBDB-T-2CI:IT-4F BHJ film show negligible

changes even after 120 hours of accelerated ageing stresses (Figure.4.7b). In contrast, the external
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quantum efficiency (EQE) spectra of the device, which is the ratio of the number of charges
extracted out of the device to the number of incident photons at different A, provide a better insight
into the degradation. Processes contributing to EQE include absorption, exciton diffusion to the
D-A interface, charge generation and collection. Figure.4.7a shows typical EQE spectra of the
initial device state and undergoing accelerated ageing conditions. A uniform reduction in EQE for
devices exposed to UV light for a period of 120 hours over a wavelength range of 500-750 nm is
observed. The overall decrease in EQE spectra in the active layer absorption window correlates
with a substantial reduction in PCE (more than 50%). UV-induced photo-degradation of the BHJ
active layer and interlayers, especially the interlayer close to the transparent electrode, has shown
to exhibit a broadband decrease in EQE.>? This indicates, in general, losses are likely to arise from

changes in interfacial characteristics.
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Figure.4.7. (a) Normalized absorption spectra of fresh and 120 hours aged PBDB-T-2CI:IT-4F
BHJ thin films and (b) typical EQE characteristics of fresh devices and devices exposed to various

accelerated ageing stresses for 120 hours in an inert condition.
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The dark J-V characteristics of fresh devices and devices exposed to the various accelerated ageing
conditions (Figure.4.8) indicate higher leakage current under reverse bias in devices after UV-
induced degradation. This correlates with the large burn-in loss associated with UV-induced
degradation. Furthermore, UV-induced degradation causes a large drop in the device rectification
ratio as compared to other degradation routes. These observations indicate the reduction in charge
carrier extraction efficiency of the devices after accelerated ageing stresses and correlate with the

observed reduction in Voc and FF.53-%®
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Figure.4.8. Typical dark J-V characteristic of PBDB-T-2CI:IT-4F solar cells at room temperature
before and after accelerated ageing stresses continuously for 120 hours (a) white light illumination
(b) UV illumination (c) UV illumination on devices fabricated without using solvent additive DIO
and (d) thermal stress of 70°C respectively in an inert condition.
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Additionally, a qualitative but clear trend of the acceptor molecule modifications near the ZnO
interlayer with UV exposure was observed by studies during the fabrication process. UV-light was
introduced onto the deposited layers during the fabrication procedure for a 1-hour duration. A set
of devices were exposed to UV after spin coating the ZnO layer, and another set was exposed to
UV after coating both the ZnO layer and BHJ active layer. UV light was introduced from the glass-
ITO side as well as from the polymer side. After the exposure, the device fabrication was
completed and studied. The key features observed were: (i) No changes in performance parameters
were observed for devices where only the ZnO layer was exposed and was used as control samples
(ii) for devices where the ZnO-BHJ interfaces were exposed to UV illumination, a PCE drop of
nearly 5% observed in comparison to the control devices (Table.4.3). Subsequently, devices in
which the ZnO-BHJ interface is exposed to UV-illumination during fabrication degrade (in the
dark as well as light) rapidly compared to the non-exposed devices. The role of the UV-exposed
BHJ device appears to affect the ZnO/BHJ interface region as compared to the bulk of the BHJ

active layer.

Table.4.3. Photovoltaic parameters (Voc, Jsc, FF and PCE) of fresh and 10 hours aged PBDB-T-

2CIL:1T-4F devices without and with UV exposure to ZnO/BHJ interface during fabrication.

Voc (V) | Jsc (mA/em?) | FF (%) | PCE (%)
Device A 0.88 £0.001 18.01+0.41 53.10+0.36 | 8.42+0.23
Device B 0.88 + 0.001 17.47 +0.37 52.28+1.94 | 8.01+£0.48
Device A 0.87 £ 0.005 15.92 + 0.37 4858+ 0.43 | 6.70£0.23
(after 10 hours UV exposure)
Device B 0.84 £0.02 15.17+0.14 46.93+0.38 | 6.00£0.14
(after 10 hours UV exposure)

Device A represents ITO/ZnO layers exposed to UV during fabrication, and Device B represents
ITO/ZnO/BHJ layer exposed to UV during fabrication.
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4.4. Surface morphology characterization using AFM

Atomic Force Microscopy (AFM) imaging studies were carried out to gain insights into the
modification of surface morphology of the BHJ blend film after UV exposure and thermal stress.
Figure.4.9 shows AFM-topography images (5 pm X 5 pm) of fresh-BHJ films and films exposed
to UV-light and thermal stress. The estimated root-mean-square (RMS) surface roughness values
of these images over a large number of samples (at least five films in each case) reveal a trend.
Fresh PBDB-T-2CI:I1T-4F BHJ film deposited on ITO/ZnO surface indicates a smooth and uniform
surface with RMS surface roughness (Rq) of 4.94 nm. After accelerated ageing stresses, the RMS
surface roughness value increases in comparison to fresh BHJ films. UV-light exposed devices
show a higher increase in RMS surface roughness (5.43 nm) in comparison with film exposed to
thermal stress (5.19 nm). The higher RMS surface roughness suggests strong aggregation
behaviour in the UV-light exposed and thermally degraded films, which are consistent with solar

cell performance parameters and J-V characteristics.?* °®

S e

= %

Figure.4.9. Representative AFM morphology images (S5pumx5um) of (a) fresh PBDB-T-2CI:IT-
4F BHJ film (b) PBDB-T-2CI:1T-4F BHJ film exposed to thermal stress and (c) PBDB-T-2CL:IT-
4F BHJ film exposed to UV-light respectively (all films deposited on ITO/ZnO surface and
estimated RMS surface roughness indicted).
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4.5. Impedance and Intensity-modulated photocurrent spectroscopy measurements

Photo-physical processes in the bulk and interface of the device can be followed by looking into
the relaxation processes associated with the impedance spectroscopy (IS) measurement Z(w).
Charge transport and recombination processes of various time scale is reflected in the Z (w), while
IS represents the resistive and capacitive processes in the device.’® A suitable equivalent circuit
can model the photo-physical processes governing the device performance.®®®? The IS
measurements are performed on devices under different ageing conditions for a wide range of
frequencies spanning from 10 Hz to 5 MHz under illumination. Figure.4.10 shows the impedance
spectra of fresh devices and devices with a different history of exposure. The results reveal
significant elicits the role of (white light, UV light and temperature) stress, which can be depicted
by a simple RC equivalent network.>® The equivalent circuit used to analyze the results can be
represented by series resistance (Rs) and two parallel R-C networks in series with it (Figure.4.11).
If there are two distinct and separable processes, R: and C: can represent the bulk and Rz and C»
can represent the interfacial resistance and capacitance, respectively.®® In the present case, the
interfacial component can be assumed to represent BHJ regions in the proximity of the ZnO buffer
layer. Equivalent circuit analysis results of fresh and aged devices are summarised in Table.4.4.
After UV-induced degradation, a significant increase in the bulk and interfacial resistance (~ 3
times) was observed. While the marginal increase in bulk resistance and interfacial resistance after
white light (UV-free) exposure is consistent with J-V monitoring results. Notably, in the case of
UV-induced degradation in additive-free devices, the increase in bulk resistance (R1) from ~ 9.1
to 13.6 Ohm-cm? is not substantial as compared to the interfacial resistance increase from ~ 3.8 to

14.8 Ohm-cm?. This observation indicates the detrimental role of residual solvent additive in the
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UV-exposed BHJ film. While the reduction in bulk and interfacial capacitance after UV exposure

correlates with the observed reduction in Voc and PCE.52-6°
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Figure.4.10. Nyquist plot of PBDB-T-2CIL:IT-4F solar cells at room temperature under the
illumination condition before and after accelerated ageing stresses applied continuously for 120
hours (a) white light illumination (b) UV illumination (c) UV illumination on devices fabricated
without using solvent additive DIO and (d) thermal stress of 70°C respectively in an inert

condition. Inset in (a) shows the equivalent circuit used for the analysis.
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Figure.4.11. The equivalent circuit model used to analyze impedance spectroscopy results (Rs

represents the series resistance contribution mostly from the contacts at ITO and anode, R, C1

represent the bulk and Rz, C» represent the interface).

Table.4.4. Summary of parameters from equivalent circuit analysis (R, C1 represents the bulk and

R, Ca represents the interface) of impedance spectroscopy measurement (Figure.4.10) performed

on fresh and aged PBDB-T-2CI:IT-4F devices (error bar + arrived from the analysis represented

in percentage %).

Aging stress White light UV-light UV-light Thermal
(w/o DIO)
fresh 120 h. fresh 120 h. fresh 120 h. fresh 120 h.
Rs (Ohm-cm?) 4.25 4.32 8.52 3.68 5.15 3.57 12.23 14.46
+18% | £2.0% | £09% | £23% | £1.7% | £3.6% | £0.7% | £0.9%
R1(Ohm-cm?) 4.43 4.82 3.60 9.21 9.06 13.56 3.51 3.44
+20% | £20% | £2.7% | £1.1% | £1.3% | £13% | £3.6% | £6.1%
Ci1(F) 1.16E-8 | 9.63E-9 | 1.71E-8 | 7.56E-9 | 8.37E-8 | 5.74E-8 | 1.95E-8 | 1.13E-7
+93% | £9.6% | £124% | £51% | £5.6% | £52% | £13.6% | £24.8%
R; (Ohm-cm?) | 4.11 4.45 2.60 7.59 3.81 14.80 1.78 3.94
+24% | £25% | £42% | +15% | +2.8% | £1.0% | £7.8% | £4.9%
Ca2(F) 8.48E-8 | 7.01E-8 | 1.42E-7 | 6.92E-8 | 1.68E-8 | 6.54E-9 | 1.74E-7 | 3.07E-8
+10.3% | £10.7% | £18.4% | £6.4% | £14.5% | £4.7% | £30.0% | £18.2%
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In the case of devices undergoing TID, the impedance analysis shows a substantial increase in
interfacial resistance (R.) of the device ~ 1.8 to 3.9 Ohm-cm? after thermal stress. The unchanged
bulk resistance (R1) in this duration is indicative of the integrity of the bulk morphology of the
BHJ active layer.?® 5 Further, increased bulk capacitance (Ci) can be attributed to the
rearrangement of BHJ domains facilitating the transport of photogenerated carriers in bulk. At the
same time, the reduced interfacial capacitance (Cz) indicates the interfacial modification, which is

unfavourable for the charge transport at the interface and results in severe FF reduction.>* %
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Figure.4.12. Frequency-dependent photocurrent response (IMPS) of PBDB-T-2CI:IT-4F solar

cells at room temperature before and after accelerated ageing stresses continuously for 120 hours

(a) white light illumination (b) UV illumination (c) UV illumination on devices fabricated without

using solvent additive DIO and (d) thermal stress of 70°C respectively in an inert condition.
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To gain further insight into the charge transport and trap-assisted recombination processes in fresh
and aged devices, Intensity-modulated photocurrent spectroscopy (IMPS) measurements were
performed. 67%8 Contrary to the IS, in IMPS, light intensity modulation at reference frequency (500
Hz - 50 kHz) generates (ac) steady-state photocurrent.®” Figure.4.12 shows the photocurrent
response Ipn(w) of the fresh devices and devices exposed to different accelerated ageing conditions
for 120 hours. The photocurrent response generally consists of three regions, a low-frequency
region in which Iyn(w) is nearly independent of frequency. After which, Ipn(w) starts increasing
with frequency and reaches a distinct maximum of Imax at a frequency omax, followed by a rapid
decrease at a high frequency beyond the distinct maxima. It was earlier demonstrated that the mid-
frequency distinct maxima are largely independent of external parameters, while the low-
frequency region originates from the trap-assisted non-geminate recombination.®’ Results reveal
that the distinct maxima of l,n(w) are not shifted after accelerated aging, and at very high
frequencies, fresh and aged devices resemble a similar Ipn(®) behaviour. In addition, an overall
reduction in the magnitude of Ion(w) with aging is observed. In the case of white light exposure for
120 hours, the Ipn(m) response (Figure.4.12a) is almost unchanged in the low-frequency region,
while a moderate reduction in the magnitude of Ipn(®) at mid-frequencies is observed. This trend
is consistent with the J-V and IS studies. Photocurrent responses with UV-induced degradation
(Figure.4.12b) show a clear reduction of Ipn(®) in the low-frequency region. The difference in
magnitude of Ipn(®) at maxima is comparatively higher for devices fabricated with solvent additive
(Figure.4.12c). Photocurrent responses of devices exposed to thermal stress show comparatively
less reduction in the magnitude of Iyn(®) at maxima (Figure.4.12d). These series of studies on

UV and thermal exposure of this BHJ system clearly points to characteristic modifications. The

148



spectroscopic and device characterization results indicate that the degradation mechanisms under

UV light can be interpreted in terms of two spatial zones within the device.

4.6. Summary

In summary, isolated effects of light and temperature induced degradation in non-fullerene
acceptor I1T-4F based organic solar cells during the burn-in period are systematically studied. For
light-induced degradation studies, the devices were exposed to simulated AM1.5G solar
illumination to replicate the real-time working condition. The insights gained during this analysis
were utilised to study the device degradation in custom-made spectrally resolved stability test
conditions (UV and non-UV illumination). Results reveal that the UV-induced instabilities affect
the performance parameters more severely than non-UV light and thermal stresses. These trends
in PCE were observed even in the absence of residual solvent additive DIO in the BHJ. The results
suggest modifications of the acceptor molecule near the interlayer. The decrease in PCE for DI1O-
treated samples exhibited a larger share of Voc drop, while for the DIO-free devices, the reduction
in FF was dominant. Furthermore, photostability under continuous white light (non-UV)
illumination reiterates the advantage of indoor applicability of organic devices, and a well-suited
encapsulant can significantly improve thermal stability. Impedance spectroscopy and IMPS
measurements corroborate and quantify these findings in terms of circuit parameters. The results
point out the importance of developing strategies for blocking UV components or converting them
into higher wavelength (luminescent downshifting) can be extremely beneficial in the long-term

stability of the organic solar cells.
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Chapter 5

Insights into the Role of PC70BM as the Third Component in Y6

Acceptor Based Ternary Blend Organic Solar Cells

The possibility of introducing a third component in a binary mixture-based photoactive film
offers a significant control in obtaining high performing OSCs. Ternary blend organic solar
cells (TBOSCs) have received enormous attention as a facile strategy.** A TBOSC consists of
three photoactive materials in the BHJ (either two donors and an acceptor or two acceptors and
one donor), with the obvious added feature of increasing the operating spectral range.®> As
introduced in chapter 1 (Section 1.5), the role of the third component in the BHJ layer has
more implications than merely improving the absorption window.%’ For instance, it has been
demonstrated that the third component can effectively optimize the binary BHJ active layer
morphology and enhance the charge transport, leading to superior device performance.®1% With
the advent of novel NFAs the ternary blend strategy has become a critical technique for
obtaining record efficiencies (~19%) in OSCs.!"!2 The simultaneous advantage of increased
photon harvesting and reduced fabrication complexity compared to multi-junction devices

makes TBOSCs an important strategy that needs to be further explored.

The availability of a large number of D-A combinations, along with the rapid increase in the
synthesis of new D-A molecules, necessitates a general understanding of the role of the third
component.t? The correlation of the device performance parameters (Voc, Jsc and FF) with the
optoelectronic properties of constituent materials and their stoichiometry in the blend still
needs to be understood. The device physics of TBOSCs is largely dependent on the choice of

a third component, and in most cases, multiple energy and charge transport mechanisms can
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be present.2 The important models based on the role of third components in photon harvesting
and charge transport are (1) energy transfer, (2) charge transfer, (3) parallel-model and (4) alloy
model.? %18 These models were briefly presented in chapter 1, and in most of the cases,
multiple processes coexist in a typical TBOSC system.? The impact of the third component on
device stability is also critical since a trade-off between efficiency and stability is necessary for
the development of OSCs as a mature and commercially viable technology.*”?° In this chapter,
the role of fullerene derivative acceptor PC70BM as the third component in the PM7:Y6 BHJ
blend is studied. The PM7 donor blended with the NFA Y6 forms the control device
(D:A1=1:1.2) and an optimized ternary system with PC70BM as a third additive component
(D:A1:A2=1:1.2:0.2) subjected to the study. The charge transport dynamics and stability aspects

with emphasis on ‘burn-in’ degradation under accelerated aging stresses are examined.

5.1. Device fabrication of ternary blend organic solar cells

The PM7 donor blended with the Y6 acceptor constitutes the active layer of control devices,
and the fullerene derivative PC70BM constitutes the third component in the ternary devices.
The molecular structure and orbital energy levels, along with the thin film absorption spectra,
are shown in Figure.5.1. The rationale behind selecting the acceptor molecule PC7,BM as the
third component is its complementary absorption and comparatively large band gap (Eq ~ 2.0
eV). In this study, binary and ternary devices are fabricated with the inverted device
architecture ITO/ZnO/BHJ Active layer/MoO3s/Ag, as shown in Figure.5.1b. PM7, Y6 and
PC70BM were purchased from Luminescence Technology Corp. (Taiwan). All chemicals were
used as received. Zinc oxide (ZnO) sol-gel precursor was spin-coated on precleaned and
patterned indium tin oxide (ITO) substrates to obtain 40 nm ZnO film. ZnO sol-gel precursor

was prepared by dissolving 100 mg Zinc acetate dihydrate [Zn(CH3C00)2.2H20] in 1 ml of
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2- methoxy ethanol and 28 pl ethanolamine as a stabilizer. Zinc acetate dihydrate, 2-methoxy

ethanol and ethanolamine all were procured from Sigma Aldrich.

- iy

-4.00

=
o

-4.10

Orbital Energies (eV)
0
T

o
o
1

Normalized Absorption
(=]
i
1 L

o
[N
1

Donor
Acceptor 1

Acceptor 2

o
o

e B e o
500 600 700
Wavelength (nm)

300 400
Figure.5.1. (a) The chemical structure, (b) Orbital energy levels of the donor (PM7) and
acceptor (Y6 and PC70BM) molecules, (c) Normalized absorption spectra of pristine films of
donor PM7, acceptors Y6 and PC7oBM and (d) device architecture of ternary blend organic

solar cells used for the study.
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ZnO layer was thermally annealed in air at 200 °C for half an hour. For the PM7:Y6 binary
device, BHJ solutions of 1:1.2 ratio of donor and acceptor with polymer concentration at 16
mg/ml in chloroform solvent were used to cast the film. For PM7:Y6:PC7BM, BHJ solutions
of 1:1.2:0.2 ratio of donor and acceptors with polymer concentration at 16 mg/ml in chloroform
solvent were used. BHJ solutions were kept for stirring overnight at 40 °C. The active layer
was then spin-coated at 2000 rpm for 60 s on the ZnO-coated ITO substrates inside a nitrogen-
rich glovebox. Then the active layer was thermally annealed at 100 °C for 5 minutes inside the
glovebox. The devices (electrode area =~ 9 mm2) were completed by thermal evaporation of an

8 nm layer of molybdenum oxide and a 100 nm layer of silver at a base pressure of 10 mbar.

PM7:Y6 binary devices with an optimized D-A; ratio of 1:1.2 exhibited efficiency of around
12.85% with open-circuit voltage 0.830 V and Jsc exceeding 25 mA/cm?. The addition of
PC70BM acceptor in small proportion to the PM7:Y6 BHJ system resulted in pronounced
improvement in Voc ~0.854 V and enhanced PCE (~13.13%). It must be noted that the
improved device performance is obtained with an optimized donor-acceptor ratio D-A;-

A>=1:1.2:0.2 for the ternary blend.

5.2. Current-voltage characteristics and charge transport studies

The current-voltage characteristic (J(V)) of a typical PM7:Y6 binary and PM7:Y6:PC7BM
ternary devices are shown in Figure.5.2c. The presence of the third component, PC70BM, in
the BHJ resulted in an average enhancement of PCE from 12.85% to 13.13%. This efficiency
enhancement is accompanied by an increase in the Voc by ~ 3% (0.830 V to 0.854 V) along

with an improvement in device Jsc.
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Figure.5.2. (a) Normalized absorption spectra of PM7:Y6 and PM7:Y6:PC7BM BHJ thin
films, (b) typical dark J-V characteristics, (c) typical J-V characteristics under simulated
AM1.5G (100 mW cm2) illumination and (d) Intensity dependent short-circuit current density
of PM7:Y6 and PM7:Y6:PC7BM bulk heterojunction organic solar cells respectively.

Table.5.1. summarizes the performance parameters of PM7:Y6 binary and PM7:Y6:PC7BM
ternary OSCs. The presence of comparatively large band gap acceptor molecule PC7oBM
(HOMO = -6.0 eV, LUMO = -4.0 eV) with the LUMO level lying between that of donor PM7
and acceptor Y6 (Figure.5.1b) improved the Voc of the ternary blend devices.?! The rationale
behind the choice of third component PC7oBM molecules such as complementary absorption
(Figure.5.1c), better electron mobility, and parallel energetically favourable carrier transport

pathways with the donor PM7 primarily led to the efficiency enhancement of ternary devices.
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Table.5.1. Solar cell parameters of PM7:Y6 and PM7:Y6:PC70BM bulk heterojunction organic
solar cells under simulated AM1.5G (100 mW cm™) illumination (quantities represent the

average of results obtained from six devices).

Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PM7:Y6 0.830 £ 0.005 25.73+0.17 60.13+1.09 12.85+0.24
PM7:Y6:PC7oBM | 0.854 + 0.002 26.18 £ 0.24 58.71 £ 0.90 13.13+0.16

The absorption spectra of PM7:Y6 and PM7:Y6: PC70BM BHJ thin films shown in Figure.5.2a
indicate marginally improved absorption for ternary BHJ film for wavelength below 600 nm.
Typical dark J-V characteristics of the binary and ternary device are shown in Figure.5.2b
indicate a reduced leakage current for TBOSCs. Further, an improved rectification ratio of
TBOSCs indicates comparatively more balanced charge transport and better charge collection
in the device. The light intensity-dependent J(V) characteristics further highlight the beneficial
role of the third component in the active layer. Jsc as a function of the light intensity for binary
and ternary devices is shown in Figure.5.2d. The light intensity dependence of Jsc has the form
Jsc=CI* (e < 1), where C is a constant. For an ideal solar cell, o must be unity, and the deviation
is an indicator of dominant bimolecular recombination. Both binary and ternary blend devices
showing a value close to unity indicate improved charge transport properties in these systems.
The value of a is marginally lower in the binary device (~ 0.98) as compared to the ternary

device (~ 0.99), indicating reduced bimolecular recombination in TBOSCs.?%2°

In order to get a comprehensive picture, PM7:PC7BM binary BHJ OSCs were also fabricated,
and a typical J-V characteristic is shown in Figure.5.3. PM7:PC7BM devices exhibit a high
Voc = 0f 0.96 V and a similar FF (= 59%), but a significantly reduced Jsc = 14.5 mA cm™ lead
to a PCE = 8.3%. The comparatively low PCE of PM7:PC7BM OSCs is expected due to
reduced photon harvesting in the NIR region resulting in low Jsc. The effective band gap

(energy difference between HOMO of the donor and LUMO of the acceptor) of the
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PM7:PC70BM blend is ~ 1.51 eV as compared to 1.41 eV for the PM7:Y6 blend, indicating a
comparatively high Voc can be expected in the system. But it must be noted that predicting the
Voc based on the effective band gap may not be accurate in all cases. When a third component
is introduced in the BHJ, this appears to be more complex and depends on the stoichiometry of

the third component and morphology optimization, along with other factors.2%2°
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Figure.5.3. Typical J-V characteristics of the PM7:PC7BM solar cells under simulated
AM1.5G (100 mW/cm?) illumination. The device exhibits a high Voc ~ 0.96 V as compared to
PM7:Y6 (Voc ~ 0.830 V) and PM7:Y6:PC70BM (Voc ~ 0.854 V) devices.

In order to identify the origin of Voc and its relation with material energetics in a ternary
system, a combined approach of experimental and simulation studies needs to be carried out.
The availability of a wide range of D-A combinations makes the direct estimation of Voc
tedious.3*® A preliminary attempt to identify the origin of Voc is carried out by fabricating

OSC using the acceptor molecule IT-4F instead of Y6 and presented in Appendix A. However,
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further studies are needed to

TBOSCs.
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Figure.5.4. The normalized photoluminescence (PL) spectra of (a) PM7, (b) PC70BM and (c)

Y6 thin films, respectively (the excitation wavelength is indicated in the figure).

The steady-state photoluminescence (PL) spectra of constituent D-A materials are shown in
Figure.5.4. The PL spectra indicate an overlap between the emission of donor PM7 and
acceptor Y6, suggesting the possibility of energy transfer from FRET donor PM7 to FRET
acceptor Y6. Recent ultrafast transient absorption spectroscopy result shows a signature of
energy transfer between PM7 and Y6.%® Apart from the favourable charge transfer and energy
transfer, Y6 is also shown to have the capability to form a CT state within the molecule.®” These
advantages of the donor and acceptor components are expected to be similar in both binary and
ternary blend systems. The PL spectra of PC70BM overlap with the Y6 molecule (from 670-
820 nm), but the weak PL emission of the PC70BM (A ~ 715 nm) molecule suggests a negligible
gain from the energy transfer mechanism.®® At the same time, the J-V characteristics of
individual binary BHJ OSCs (PM7:Y6 and PM7:PC7BM) indicate a parallel-like model of
charge transport in the PM7:Y6:PC70BM TBOSC:s. It is worth mentioning that the existence of
the alloy model in a ternary blend system has been challenged recently, which fundamentally
arises from the complexity of microstructure morphology and energetics of the constituents in

the BHJ.*°

166



104 —— PM7:Y6 g
! ® PM7:Y6:PC_ BM

i
Cr

Normalized photocurrent

0.0

Time (us)

Figure.5.5. Typical transient photocurrent decay profile of PM7:Y6 and PM7:Y6:PC7BM
organic solar cells (the device is excited using a 532 nm pulsed laser).

Transient photocurrent techniques were employed to gain further insight into the charge carrier
dynamics. In this technique, a sub-ns light pulse is used to excite the device, and the carrier
generation can be considered almost instantaneous. The resulting photocurrent decay profile
provides information about the charge carrier extraction and recombination dynamics.*%42
During the TPC measurement, the device is held at short-circuit condition, and the TPC decay
profile provides information on the distribution of carrier extraction time and charge carrier
density. The transient photocurrent decay profile of binary and ternary devices (excitation A ~
532 nm) is shown in Figure.5.5. The ternary device shows a faster photocurrent decay than

binary devices indicating an improved charge extraction in TBOSCs.
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Figure.5.6. Mono-exponential decay fit of TPC profile obtained for PM7:Y6 (decay time
constant 7~ 938.5 ns) and PM7:Y6:PC7BM (decay time constant 7~ 780.6 ns) organic solar
cells, respectively.

The mono-exponential decay profile (Figure.5.6) of transient photocurrent reveals that an
effective carrier extraction duration was reduced to ~ 780 ns in the ternary device as compared
to the binary device (~ 940 ns). The shorter carrier extraction time in TBOSC can be possibly
attributed to the reduced recombination rates in the device with the addition of the third

component, PC7oBM.

Additionally, a signature of reduced recombination losses in ternary blend devices was also
observed from electroluminescence (EL) measurement. A red-shifted peak in the EL spectra
for the ternary blend device (~ 925 nm = 1.34 eV) in comparison with the binary blend (~ 860
nm = 1.44 eV) indicates a marginally reduced CT state energy in the ternary system due to the
presence of a small amount of additive third component PC70BM.*® In contrast, improved Voc
of the TBOSCs (~ 0.854 V) clearly indicates a suppressed recombination loss which can be
attributed to the morphological optimization of the blend.***® Nonetheless, further estimation

and quantification of recombination losses using complementary techniques are needed.
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Figure.5.7. Normalized electroluminescence (EL) spectra of PM7:Y6 and PM7:Y6:PC7BM
organic solar cells (a red-shifted main peak ~ 925 nm observed for the ternary blend as

compared to binary blend ~ 860 nm).

5.3. Stability implications from the third component

The degradation trajectory of a typical OSC usually consists of an initial rapid decay of J-V
parameters followed by a comparatively slow decay till the failure of the device. Initial device
degradation or the burn-in loss is substantial in OSC and has been discussed in chapters 1 and
4 for the binary BHJ systems. It is found that prolonged light exposure and temperature-induced
degradation (LID and TID) are among the severe aging factors for an encapsulated device. The
device degradation here is largely associated with the molecular properties of the D-A
components and their compatibility. Previous studies on burn-in degradation of NFA-based
OSCs reveal that the UV component present in the light exposure constitutes the major factor
for the decay of encapsulated devices.*® Temperature-induced degradation is a critical loss
channel and it impacts the BHJ active layer morphology the most. In the present study, the

investigation is constricted to the UV-light induced and temperature-induced “burn-in”
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degradation in this Y6 acceptor-based binary and ternary devices. In a manner similar to the
previous studies on IT-4F based BHJ systems, the unencapsulated ternary devices were
exposed to different aging stress in an inert environment. As described earlier (chapter 4), this
stability test condition has the advantage that the device can be considered ‘perfectly
encapsulated’, and the contribution of UV-light and thermal stress can be isolated. This
indicates the penetration of oxygen and moisture into the device during the course of the study
due to the limitations of encapsulation is negligible, and the photochemical and
thermochemical reaction of the commonly used UV-curable epoxy materials can be avoided
due to continuous exposure to the aging stresses. The primary objective of this study is to
understand the role of the third component in device stability by comparing the degradation
trajectories of PM7:Y6 binary and PM7:Y6:PC7BM ternary devices. In the present case, as
the third component, PC70BM mostly impacts the BHJ active layer morphology; the TID is
anticipated to play a critical role in the stability comparison of the binary and ternary devices.
Accelerated aging stresses were applied continuously for 24 hours immediately after the first
J-V measurement on binary and ternary devices in an inert condition to isolate the effects of
degradation from UV light (. ~ 350 - 400 nm, Poyt ~ 1 mW/cm?, RT~ 300 K and open-circuit
condition) and temperature (100°C, dark and open-circuit condition). Figure.5.7. shows the
normalized J-V parameters of binary and ternary devices before and after the TID and UV-
LID, respectively. Table.5.2. summarizes the trend of TID and UV-LID and clearly shows that
TBOSCs possess superior stability over binary counterparts. Results reveal that the UV-LID
follow a similar pattern in both binary and ternary device, with a marginal improvement in
stability for ternary blend devices (Figure.5.7b and Table.5.2). In contrast, TID is significantly

minimal in ternary devices as compared to the binary counterpart (Figure.5.7a and Table.5.2).
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Figure.5.8. Normalized J-V parameters of PM7:Y6 binary and PM7:Y6:PC70BM ternary
organic solar cells under (a) thermal stress of 100 °C in the dark and (b) UV-light illumination,
respectively, for the initial 24 h continuously in inert condition (error bar indicated for an

average of six representative devices).
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The percentage reduction in the efficiency from the initial PCE value after 24 hours of
continuous UV-light exposure for the ternary device (~ 28.7%) is marginally less than the
binary device (~ 30.9%) due to the slow decay in Voc and FF of ternary devices. One of the
major routes for the UV light-induced degradation in NFAs-based OSCs is due to the
photocatalytic reaction of the acceptor molecule and the cathode interlayer ZnO. The presence
of surface defects in the ZnO layer coupled with the photoexcitation leads to the trapping of
electrons and holes in these states. These electrons can undergo a redox reaction with the
adsorbed water molecules in the ZnO layer due to the processing at ambient conditions
resulting in the generation of hydroxyl free radicals (-OH). The hydroxyl free radicals are
known to weaken the charge transport pathways by decomposing the small molecule
acceptors.*®->2 The similar device architecture of both binary and ternary devices indicates the
magnitude of ZnO/BHJ interfacial degradation is proportionate. It must be noted that the
quantity of Y6 acceptor maintained the same in ternary BHJ, and the PC70BM was introduced

as an additive component contributing ~14% of the total acceptor phase (1:1.2:0.2).

The large increase in the energetic disorder and Urbach energy in the BHJ blend upon UV-
light soaking can potentially disrupt the charge transport and collection in the device.>® These
sub-bandgap defect states can trap the charge carriers, leading to an enhancement in the
recombination losses. Even though the morphological degradation is thermodynamically
driven, light-induced morphological degradation and molecular fragmentation at room
temperature can possibly accelerate the performance deterioration.>*® It is speculated that
degradation factors affect ternary devices with PC70BM by reducing the Jsc in comparison to
the binary device due to factors affecting carrier generation, such as fullerene dimerisation.%®
At the same time, a marginal improvement in Voc retainment after light soaking is expected
due to a better microstructure morphology of the BHJ layer due to the addition of the third

component.®> 578 A stable morphology can suppress the interfacial recombination losses in
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the device. This aspect is evident in the surface morphology characterization of the binary and

ternary BHJ films discussed in the following section.

Table.5.2. Percentage reduction in solar cell parameters of PM7:Y6 binary and
PM7:Y6:PC70BM ternary devices after continuous exposure to aging stresses (temperature and
light) for 24 hours in inert conditions. The quantities represent the average of results obtained

from six devices.

Aging Stress AVoc Alsc AFF APCE
(24 hours) (% reduction) | (% reduction) | (% reduction) | (% reduction)
Temperature PM7:Y6 14.2 4.8 204 34.8
(100°C) PM7:Y6:PC7oBM 5.7 0.1 13.8 19.3
PM7:Y6 7.3 10.2 16.9 30.9
UV-light
PM7:Y6:PC7oBM 6.3 104 15.2 28.7

The TID study demonstrates the critical role of the third component, PC7BM, in improving
the thermal stability of PM7:Y6 binary devices. Even after 24 hours of thermal stress (100°C),
ternary devices maintain efficiency above 80% of the initial value with significant retainment
in device Voc (decay ~5.7%). In contrast, the binary device undergoes much faster TID with

~34.8% initial PCE loss and a large Voc loss (~14.2%).

Having similar architecture and interlayers, the key difference in the ternary active layer
morphology brought in by the addition of an optimal amount of PC70BM appears to help reduce
the interfacial recombination. Reduced interfacial recombination losses in the ternary device
are reflected in the better retainment of the Voc even after 24 hours of continuous thermal
stress. This key feature essentially indicates the utility of PC70BM in tuning the microstructure
S0 as to reduce recombination loss and improve the stability using the ternary strategy in Y6

acceptor-based devices. Figure.5.8. shows representative AFM surface morphology images of
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binary and ternary blend films coated on a glass substrate and on ZnO coated ITO substrates
before and after thermal stress is applied. A large number of scans on BHJ films in both
configurations reveal a definite trend. Results indicate strong aggregation behaviour of
PM7:Y6 blend upon thermal stress has been prevented effectively by the addition of a small

quantity of third component PC7,BM.

() :

PM7 Y6:PC, BM [TO/ZnO/PM7:Y6 ITO/ZnO/PM7:Y6:PC, BM

Figure.5.9. Representative AFM morphology images (3umx3um) of fresh thin films of (a)
PM7:Y6, (b) PM7:Y6:PC70BM, (c) ITO/ZnO/PMT7:Y6, (d) ITO/ZnO/PM7:Y6:PC70BM and
thermal stress applied thin films of (e) PM7:Y6, (f) PM7:Y6:PC7BM, (g) ITO/ZnO/PMT7:Y6,

(h) ITO/ZNO/PMT:Y6:PC70BM respectively (estimated RMS surface roughness indicted).

The BHJ films coated on glass substrate show an increase in the root-mean-square roughness
(Rq) after accelerated thermal stress of 100°C for 24 hours in an inert condition. The Rq value
of binary BHJ film increased to 1.08 nm from 0.95 nm, and for the ternary BHJ film, the Rq
value increased to 1.24 nm from 1.13 nm. The increase in the RMS roughness after thermal

stress is indicative of the aggregation in the film, and the change is comparatively greater for
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binary BHJ film (13.76%) as compared to ternary BHJ film (10.03%), suggesting the
morphological stability and optimization from the presence of third component PC7BM.: 55
5 This trend is pronounced in films cast on standard interlayer in the device configuration
(ITO/ZnO/BHJ film). The Rq value of PM7:Y6 increased from 3.12 nm to 4.46 nm, indicating
a strong aggregation behaviour in the presence of ZnO interlayer with an increase of ~ 42.90%.
In contrast, PM7:Y6:PC7BM ternary film did not exhibit a significant change in the surface
roughness, and the Rq value decreased to 3.14 nm from 3.43 nm. It is evident from this trend
that the optimal addition of PC70BM in PM7:Y6 BHJ film improves the microstructure for

better device stability.

Table.5.3. Percentage change in the RMS-roughness (Rq) value of PM7:Y6 and
PM7:Y6:PC7BM films before and after accelerated thermal stress of 100°C for 24 hours in

inert conditions (| indicates a reduction in RMS roughness).

Film ARq
PM7:Y6 13.76%
PM7:Y6:PC70BM 10.03%
ITO/ZNnO/PMT7:Y6 42.90%
ITO/ZnO/PM7:Y6:PC70BM 8.50%)

It was shown that the thermal transition temperature of the BHJ blend constituents plays a
critical role in the morphological stability of the active layer. For materials with similar
molecular weight, high thermal transition temperature helps to reduce rapid diffusion and
aggregate formation within the BHJ active layer.?% ¢ An earlier study on degradation (chapter
4) demonstrated a significantly improved thermal stability in a binary BHJ OSC with the
acceptor molecule being an ITIC derivative having a comparatively large thermal transition
temperature (~ 160°C). The low thermal transition temperature (~ 102°C) of the Y6 molecule

is an important reason behind its poor thermal stability in contrast with ITIC derivatives. It was
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shown that the morphology could be stabilised if the third component in the blend with a high
thermal transition, such as PC70BM (~ 160°C), with suitable electronic properties.?® The UV-
LID also indicate a similar trend of reduced interfacial recombination and better charge
transport in the ternary devices. This is evident from the percentage reduction in Voc after light
soaking is smaller (6.3%) in the ternary devices as compared to binary counterparts (7.3%).
But it appears that UV-LID is significant in both the devices, and the beneficial role of the third
component is comparatively minimal. The results point out that the thermal degradation is

severe in this Y6 acceptor-based system, and the role of the third component is significant.

5.4. Summary

In summary, the addition of an optimal amount of acceptor molecule PC7,BM as the third
component in PM7:Y6 binary bulk heterojunction OSC provides a pathway to improve the
performance. The presence of trace amounts of the third component PC70BM in the active layer
significantly improved the open-circuit voltage and power conversion efficiency. Steady-state
electrical characterizations reveal reduced charge transport barriers and improved charge
collection in ternary blend organic solar cells. The crucial aspect of the third component in
enhancing the thermal stability and photostability is characterized by an optimized morphology
of the ternary blend active layer. A clear trend of better retainment of the open-circuit voltage
in the ternary blend device during accelerated aging reflects reduced interfacial charge carrier
recombination. Surface morphology characterization confirms that enhanced thermal stability
manifests reduced well-known aggregate formation of Y6 molecules in the BHJ due to the
presence of PC70BM. This work demonstrates the utility of PC70BM as the third component to

simultaneously improve the efficiency and stability of Y6 acceptor-based organic solar cells.
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Chapter 6

Summary and Future Directions

6.1. Summary

This thesis reports efficiency enhancement strategies for bulk heterojunction organic solar
cells based on non-fullerene acceptors and presents a comprehensive understanding of the
degradation mechanism with emphasis on the ‘burn-in’ period, which is particularly important
in organic solar cells. The first part of the thesis focused on improving the efficiency of non-
fullerene acceptor 1T-4F based inverted OSCs using PC70BM as a cathode interlayer. The
studies demonstrated that the introduction of ~ 20 nm thick interlayer of PC70BM between
cathode buffer layer ZnO and the BHJ active layer of PBDB-T-2CI:IT-4F significantly
improved the short-circuit current density along with marginal improvement in open-circuit
voltage and fill factor. After introducing the interlayer, an efficiency close to 11.3% was
achieved with short-circuit current density exceeding 20 mA/cm?. The contact selectivity of
the device at the cathode interface improved by incorporating the PC70BM interlayer and the
standard electron transport layer ZnO. A detailed analysis of the current-voltage characteristics
reveals that the thin PC7BM interlayer can reduce the charge transport barriers and help
achieve more balanced carrier transport and better charge collection. Impedance spectroscopy
and photocurrent noise measurements corroborate these findings. The equivalent circuit
modelling of the impedance spectra shows a significant reduction in the charge transport
resistance (Rct) by nearly an order of magnitude in the device with a PC70BM interlayer. A
low level of photocurrent fluctuations (~107** Hz) in the interlayer device compared with the

control device (=101 Hz1) correlates with the reduced charge transport barrier identified using
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the impedance spectroscopy analysis. The studies suggested the potential of PC70BM as an

interlayer material to further improve the performance of NFA IT-4F based OSCs.

In the next part of the thesis, a comprehensive investigation of light-induced and temperature-
induced degradation in IT-4F acceptor-based organic solar cells were studied with emphasis
on the initial period of operation (‘burn-in’ period). It is well known that ‘burn-in’ degradation
is significant in organic solar cells, unlike other photovoltaic technologies. Various factors
contribute to the device degradation, in which light and temperature-induced degradation were
found to be critical. The mechanism of light and temperature-induced degradation in one of the
high stabilities reported non-fullerene acceptor IT-4F based organic solar cells with the more
stable inverted device geometry was investigated. Monitoring current-voltage characteristics
upon accelerated aging stresses in inert conditions revealed that significant degradation occurs
due to the light illumination than the moderate thermal stress. Further, spectrally resolved
photostability measurements (UV-light and non-UV white light) demonstrated that the UV
components present in the light illumination are the dominant factor causing rapid deterioration
of the device performance. Steady-state optoelectronic measurements and spectroscopic
studies provide significant insights into the degradation mechanisms, including the
development of substantial bulk and interfacial charge transport barriers and the weakening of
the conjugation in the acceptor molecule. Further, attempts were made to understand the
detrimental effects of the commonly used solvent additive DIO (1,8-diiodooctane) in device
degradation. It is found that though solvent additives are detrimental, the inherent instability of
the active layer components is critical in rapid degradation. The study suggests the importance
of preventing UV components through suitable barrier layers or through luminescent

downshifting to prolong the lifetime of organic solar cells.

The final section of the thesis focused on improving the OSC device performance using the
ternary blend strategy. Ternary blend strategy in which three photo-active materials constitute
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the active layer is a route to enhance photon harvesting without the fabrication complexities of
multi-junction devices. In this work, the fullerene derivative acceptor molecule PC7oBM is
introduced as the third component in the Y6 acceptor-based OSCs. Wide-bandgap PC70BM
with complementary absorption significantly improved the open-circuit voltage and the PCE
of the binary OSCs. Insights into charge transport and recombination dynamics in the devices

are analyzed using steady-state and transient techniques. Transient photocurrent results reveal
a fast charge carrier extraction in the ternary system with a time constant T ~ 730 ns, indicating

reduced recombination and transport barrier. The role of the third component, PC70BM, in the
device stability is critical, and it has been found that thermal stress acts as a dominant factor in
degradation over the UV light in Y6 acceptor-based devices. The morphological modification
of the BHJ active layer indicates a suppressed interfacial recombination due to the third
component, PC70BM, having a comparatively high thermal transition temperature. Light and
temperature-induced degradation studies reveal the optimized BHJ morphology of ternary
OSCs in prolonging the device lifetime. The morphological modification in the BHJ active
layer due to the third component, PC70BM, reduced the interfacial recombination and rapid
degradation of the ternary device compared to the binary counterpart. This work pinpoints the
potential of fullerene derivative acceptor PC70BM in improving the efficiency and stabilizing

the NFA-based single-junction organic solar cells.

In summary, this thesis described methods to improve the device performance of non-fullerene
acceptors IT-4F and Y6-based organic solar cells using interfacial modification and ternary
blend strategies. In addition to this, a systematic study of the degradation mechanism in these
devices and disintegration of the influence of various aging factors along with implications
toward strategies to improve the stability are presented. This thesis proposes strategies and
provides insights to improve the efficiency and stability of organic solar cells using state-of-

the-art non-fullerene acceptors. It is envisioned that the inferences are drawn from this study
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help improve the performance of non-fullerene acceptor-based bulk heterojunction organic
solar cells and serve as valuable information for the design of more stable active layer

components in the future.
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6.2. Future Directions

A detailed investigation and in-depth understanding of photochemical and thermochemical
changes of the bulk heterojunction active layer components induced by various factors
(intrinsic factors, role of various transport layers, external factors) during light and
temperature-induced degradation is imperative. It is evident that the degradation mechanism is
system-specific, and hence a detailed study is needed to frame general guidelines for the design
of new donor-acceptor materials. This investigation is particularly relevant to nailing down

strategies to develop ‘burn-in’ free OSCs.

Most of the stability studies in organic solar cells are conducted by continuous exposure to
aging stress factors for various time durations. The degradation studies with emphasis on cycles
of photo-thermal stress are seldom emphasized. As far as the outdoor applications are
concerned, the cycling stress conditions are particularly important, and the insights in terms of
inherent material stability and the pattern of degradation due to external factors need to be
understood. The understanding of the presence of reversible degradation processes in the
system, along with the trajectory of performance decay under cycling stress conditions,
comprise a valuable set of information in regards to the feasibility of commercial organic solar

cells.

The correlation of open-circuit voltage of a ternary blend system with the constituent material
energetics and the stoichiometry of individual components needs to be identified. The role of
the third component in a ternary blend system can vary depending on the optoelectronic
properties of the binary BHJ components. The availability of a large number of material
combinations and rapidly increasing high-performing material collections make it a tedious

task. Particularly when the ternary blend systems outperform the binary counterparts and
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voltage loss is the dominant loss pathway, it is necessary to identify the correlation of open-

circuit voltage to the material properties.

The BHJ active layer morphology has a significant impact on the efficiency parameters and the
device stability. It is evident that in many D-A combinations of the ternary blend, the
morphology has a significant impact on improving the device stability. Apart from molecular
design strategies, the morphology control and optimization of ternary blends using additional
strategies such as solvent annealing and electric field-assisted thermal annealing and
understanding its correlation to the device lifetime needs to be explored in detail. Recent studies
report that many ternary blend devices are more stable than their binary counterpart, but these
studies are, in general, focused either on a specific aging stress factor or short-term monitoring.
A standard protocol where the stability reports are reasonably comparable with different

combinations also needs to be developed.

The combination of frequency-domain techniques such as impedance spectroscopy, intensity-
modulated photocurrent spectroscopy, and time-domain noise spectroscopy can provide
quantitative information and insights into device photo-physics. In-depth understanding and
quantification of defect distribution, recombination losses and various other charge transport
barriers and their evolution during degradation using combined time-domain and frequency-
domain experimental tools could serve as a valuable tool to correlate aging with transport
parameters. A common equivalent circuit modelling to the results of this combined
experimental technique can provide a rapid assessment of the device performance with insights

into the material structure-property relationship and the device architecture.
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Appendices

Appendix A:

Device performance analysis of 1T-4F based ternary blend organic solar cells
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Figure.A.1l. The orbital energy diagram of donor PM7 and acceptors IT-4F and PC70BM.

In this study, the device performance of PM7:IT-4F:PC7BM ternary blend OSCs are
investigated. The key difference in this ternary system is the presence of comparatively stable
non-fullerene acceptor molecule IT-4F instead of Y6. The fullerene derivative acceptor
PC70BM retained as the third component. Figure.A.1. show the orbital energy diagram of the
three components and the devices fabricated in the standard inverted architecture
(ITO/ZnO/BHJ/M0Ox/Ag). The solvent additive DIO used to obtain an optimized BHJ active
layer morphology during the device fabrication. The typical J-V characteristics of PM7:IT-

4F:PC70BM ternary device along with PBDB-T-2CI:IT-4F and PM7:PC70BM binary devices
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are shown in Figure.A.2. and the results are summarized in Table.A.1. PM7:1T-4F binary OSC
show a high PCE (= 10.1%) as compared to the PM7:PC70BM binary (= 8.2%) and PM7:IT-
4F:PC70BM ternary (= 8.9%) OSCs. PM7:PC70BM binary device exhibit highest Voc ~ 0.96
V, whereas the ternary device shows Voc (= 0.85 V) between that of both the binary devices.
Despite having high Voc, the low PCE in PM7:PC70BM device can be understood due to the
reduced photo absorption in this blend which is evident from low Jsc and FF. It must be noted
that the efficiency of the TBOSC is slightly lower as compared to the NFA IT-4F based binary
device due to reduced Jsc and FF. The Voc of the devices show a similar trend as that Y6 based
system discussed previously in chapter.5. The presence of a wide band gap acceptor as a third
component improves the Voc, which appears as in direct relation with the effective bandgap
for parallel-like charge transport model. Further studies on dependence of Voc to the

stoichiometry of third component in the BHJ is needed.
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Figure.A.2. Typical J-V characteristics of PBDB-T-2CI:IT-4F, PBDB-T-2CI:PC7,BM and
PBDB-T-2CI:IT-4F:PC70BM bulk heterojunction organic solar cells under simulated AM1.5G
(100 mWem 2) illumination.
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Table.A.1. Solar cell parameters of PBDB-T-2CI:IT-4F, PBDB-T-2CI:PC7BM and PBDB-T-
2CLIT-4F:PC70BM bulk heterojunction organic solar cells under simulated AM1.5G (100
mwWcem2) illumination.

BHJ System Voc (V)  Jsc mA/ecm?)  FF (%) PCE (%)

Binary BHJ 0.800+0.003 19.67+126  59.12+23  9.4+0.40
(PBDB-T-2CI:IT-4F) (10.1)

Binary BHJ 0.961+0.002 13.43+056 58.31+0.67  7.5+0.50
(PBDB-T-2CI:PC7BM) (8.2)

Ternary BHJ 0.850+0.003 17.51+0.56 55.42+0.67 8.2+0.36
(PBDB-T-2CL:IT-4F:PC7BM) (8.9)

To gain insights into the degradation pattern, the stability aspects of all the devices are
systematically studied during initial period of operation by applying accelerated aging stresses
similar to the conditions discussed in chapter 4. All the devices were exposed to accelerated
aging stresses of 1 Sun illumination and a thermal stress of ~ 70°C in an inert condition for 10
hours. Figure.A.3. shows the degradation pattern of binary and ternary devices and the results
are summarized in Table.A.2. and Table.A.3. Interestingly, PM7:1T-4F binary BHJ OSCs
exhibits excellent thermal stability and comparatively better photostability in contrast to
PM7:Y6 OSCs discussed in chapter.5. The key advantage of introducing PC70BM as a third
component is in slowing down Voc decay during the degradation under 1 Sun illumination.
Intrinsically high thermal stability of IT-4F and extraordinary absorption suggests the presence

of PC70BM as a third component is not vital for improving the device performance.
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Figure.A.3. Normalized J-V parameters of PBDB-T-2CI:IT-4F (a-d), PBDB-T-2Cl:IT-
4F:PC70BM (e-h) and PBDB-T-2CI:PC70BM (i-1) solar cells under simulated AM1.5G 1 sun
(100 mWcm-2) illumination and thermal stress of 70°C, respectively for the initial 10 hours of
device operation continuously in an inert condition, data points represent average values of

measurements.

Table.A.2. Percentage reduction in solar cell parameters of PBDB-T-2CI:IT-4F devices after
continuous exposure to ageing stresses for 10 hours (Figure 2). The quantities represent the
average of results obtained from six devices each with the error-range for the PCE represented

by the maximum deviation from this value.

LID Voc Jsc FF PCE
PM7:1T-4F 26.7 2.7 11.8 37.2
PM7:PC70BM 16.0 19.1 35.0 55.7

PM7:1T-4F:PC70BM 17.6 15.9 15.2 41.2
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Table.A.3. Percentage reduction in solar cell parameters of PBDB-T-2CI:IT-4F devices after
continuous exposure to ageing stresses for 10 hours (Figure 2). The quantities represent the
average of results obtained from six devices each with the error-range for the PCE represented

by the maximum deviation from this value.

TID Voc Jsc FF PCE
PMT7:IT-4F 0.6 0.8 6.3 5.9
PM7:PC7BM 1.3 11.8 14.3 23.3
PMT7:IT-4F:PC7BM 2.17 11.5 11.2 19.7
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Appendix C:

Spectral distribution analysis of AM1.5G illumination

AM1.5 Global (ASTM G-173-03)
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Figure.C.1. The spectral irradiance of the standard AM1.5 Global spectrum used for the
characterization of solar cells

Table C.1. Percentage contribution of different wavelength region in the AM1.5G solar
spectra.

Wavelength (nm) Percentage of total irradiance

300-400 4.6 %

400-500 14.0 %

500-600 15.1 %
600-700 13.9 %
700-800 11.3%
800-900 9.4 %
900-1000 5.6 %

>1000 26.0 %

197



Table C.2. Percentage contribution of the UV components (300-400 nm) in the AM1.5G
solar spectra.

Wavelength (nm) Power (W/m?) Percentage of total irradiance
300-350 13.77 1.4 %
350-400 32.33 3.2%
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Appendix D:

1- Matlab code used for the calculation of noise power spectral density from time-domain
data

%% Details of the Code

% The PSD is computed by taking the time series file and splitting into

% frames of a specific frequency range, which can be different from the

% settings at DSA.Thus this program can change the lower and

% higher frequency ranges and is also good for averaging. Here the nfft is
% radix-2 and not in terms of resolution Tines of signal analyzer. But the
% PSD is plotted in resolution lines which depends on the user input

% frequency range values.

%% Molecular Electronics LAB

function DSA_PSD _zeta
format long

clear all

%% Initializing all parameters from the measurement settings

fres = 1600; % input('Enter the frequency resolution: ');

fspan =400;% input('Enter the frequency span of time capture in DSA(in Hz):
12800");

sf = fspan*2.56; % sampling frequency, sf does not depend on
% frequency resolution of DSA

% lowf = fspan/fres; % lower frequency in DSA

T =60;% input('Enter the total duration of time capture:10 ');

% minf=1/T; % lowest frequency possible

f1 = 0.25;% input('Enter the lower frequency of plot: ');

fu = 400;% input('Enter the upper frequency of plot: ');

t =1/f1; % this should be the time capture for one PSD plot

Av= input('Enter the gain at preamplifier (only exponent): ');

Av=1*10A(0);

%% Calling the saved file into MatLAB

data_file = input('Enter the file name of time series capture: ','s');

fid = fopen(data_file,'r');

data= dimread(data_file);

X= data(:,1); % X has all the data points of time capture
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X=X./(AV);
Ten_X= Tength(X); % len_X

%% Initialize parameters for obtainig PSD plots

Ten_T = T*sf;

Ten_t= t*sf; % data points required for one PSD plot

nfft = 2.56*(fu/f1);% nfft
%(p=nextpow2 (len_t) ;nfft=2Ap;nfft) this Tine can also be used, but only
% when the Tower frequency ranges are similar or when more no.of points are

% taken for a particular freq span. Like 8192 data pts for 4096 fft pts
Navg = len_T/Ten_t;

x = zeros(len_t,1);

PSD_total = zeros(nfft,1);

psd_x = zeros(nfft,1);

ptr=0;

for i= 1l:Navg

X = X(1+ptr:Ten_t+ptr,1);

psd_x = (fft(x,nfft))./(nfft);
psd_x = abs(psd_x);
psd_x = (psd_x.A2);

PSD_total=PSD_total+psd_x;
ptr= ptr+len_t;

end

freq=0:f1:fu; % size(freq)
% freq(l,1:4)

PSD_total = PSD_total/Navg;

PsSD_total=PsD_total (1: ((nfft/2)+1),1);
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PSD_total(2:end-1,1) = PSD_total(2:end-1,1);

% Do not multiply the elements of PSD with 2, even if the elements are same
% and are folded with respect to zero level. The correct form is taking

% only one side (or only one half) along with the zero Tlevel.

PSD_plt=plot(logl0(freq),loglO(PSD_total(1l: ((nfft/2.56)+1))));
xTabel('Frequency (Hz)')

title(data_file)

% saveas(PSD_plt,sprintf('.bmp'))

%% Saving the PSD plot into text file
freg=transpose(freq);
PSD_write=zeros((fu/f1)+1,2);

PSD_write(:,1)= freq(:,1);

PsD_write(:,2)= PSD_total(1l:((nfft/2.56)+1),1);

dlmwrite('PSD_O0SC_400Hz_60s.txt',PSD_write, 'precision',16, 'delimiter',",",
"newline', "'pc')

fclose all

end
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2- Python code used for the plotting the bar graphs of J-V monitoring results

import matplotlib
import matplotlib.pyplot as plt

import numpy as np

Tabels = ['voc', '"JIsc', 'FF', 'PCE']
fresh = [1, 1, 1, 1]

degraded = [1, 0.94709, 0.90581, 0.85192]
El = [5.476e-3,0.03067,0.0266,0.0383]

E2 = [0.01095,0.04534,0.0141,0.0572]

x = np.arange(len(labels)) # the Tabel locations
width = 0.3 # the width of the bars

fig, ax = plt.subplots()

rectsl = ax.bar(x - width/2, fresh, width, 1label='0 hours',yerr

El,capsize=5)

rects2 = ax.bar(x + width/2, degraded, width, Tabel='1000 hours',yerr

E2,capsize=5)#120 hours

# Add some text for Tabels, title and custom x-axis tick Tabels, etc.

ax.set_ylabel('Normalized Parameters', fontsize='Tlarge')

ax.set_title('Device shelf 1ife (0 and 1000 hours)', fontsize='large',

fontweight="bold")

ax.set_xticks(x)

ax.set_xticklabels(Tabels,fontsize="'large', fontweight='bold")
ax.legend()

fig.tight_layout()

plt.show()
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3- Python code to plot Bode plot and Cole-Cole plot from impedance spectroscopy
measurement

from matplotlib import pyplot as plt
from matplotlib import style

import numpy as np

w,X,y = np.loadtxt('BHIOSC_10Hz_2MHz_20mVv.txt',
unpack = True,
deTimiter ='\t")

float(input('Amplitude of the bias voltage in volts '))

A = int(input('enter the value of Gain of Pre Amplifier "))
x1 = x/A
Z= E/x1

Z1l = z*np.cos(y*(np.pi/180))
Z2 = Z*np.sin(y*(np.pi/180))
np.sqrt((zl*z1)+(z2*z2))
(z1*z1)+(z2*%2z2)

z =
Il Il

np.Tlinspace(10, 1000000, num=1en(zl))

c
Il

Cl = z2/(6.28*w*N)

C2 = z1/(6.28*w*N)

f = open('C1_BHJOSC_10Hz_2MHz_20mv.txt', 'w')
for i in range(len(zl)):

f.write("{I\t{}\n".format(w[i],Cl[i]))
f.close(Q)

h = open('Output_BHJOSC_10Hz_2MHz_20mv.txt', 'w"')
for i in range(len(u)):

h.write("{3I\t{I\n".format(u[i],c2[i]))
h.close()
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plt.figure(l)

plt.scatter(cl,c2)
plt.title('Cole-Cole Plot')
plt.ylabel('Imaginary z (KOhm)')
plt.xlabel('Real z (KOhm)"')

plt.figure(2)
plt.scatter(u,m/1000)
plt.title('Bode Plot_1")
plt.ylabel('|z| (Kohm)")
plt.xlabel('Frequency (Hz)")
plt.figure(3)
plt.scatter(u,y)
plt.title('Bode Plot_2")
plt.ylabel('THETA (Degree)')
plt.xlabel('Frequency (Hz)")
#plt.show(1)

#plt.show(2)

#plt.show(3)

204



4- Wolfram Mathematica code used for the fitting of intensity dependent short-circuit
current density results

SetDirectory["F:\\Solar Cells_My Device\\Ternary\\LIGHT\\INTENSITY\\FIT"]
F:\Solar Cells_My Device\Ternary\LIGHT\INTENSITY\FIT

DATA = Import["D3_Jsc_1@hrs.txt"]

17 2.86
24 4.02
32 B2
45 7521
63 10.27
100 14.31

MyData = ImportString[DATA]
({17, 2.86}, {24, 4.02), {32, 5.12}, {45, 7.21}, {63, 10.27}, {1, 14.31})

ListPlot [MyData, Joined - False]
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TRUEDATA = Log[10, MyData]

{{Lo8117] ' ase366), {LOB1221 o ee4226), {LOBL32L g 70927},

Log[10] Log[1@] Log[10]
{ %, 0.857935}, | t—gi%, 1.61157}, {2, 1.15564) }
ListPlot [TRUEDATA]
12+ &
10+ °
08} K
06 . ’
04 ».
02}
1?4 11.6 1f8 210

FindFit [TRUEDATA, (mxx) +c, {m (1), c}, x]
{m - 0.923888, ¢ - -0.674182}
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2 | LinearFit2.nb

Show[ListPlot [TRUEDATA, PlotStyle - Red],
Log[17]
Losizai 2H]

Plot|mx+c /. {m- ©.923888, c » -0.674182 X
[ { 2 }){,Log[]_e],

12
10 P
08
06
04

02
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Appendix E:
The procedure of TPC data fitting

Nonlinear Curve Fit (ExpDec1) (06-04-2022 14:47:07)

Parameters
Value Standard Error
yo -0.01428 0.00127
A1 1.03109 9.04149E-4
fitTernary C8 t1 1.12616 0.00367
k 0.88797 0.00289
tau 0.7806 0.00254

Reduced Chi-sqr = 3.07079713854E-6

COD(R"2) = 0.99936099478238

Iterations Performed = 4

Total lterations in Session = 4

Fit converged. Chi-Sqr tolerance value of 1E-9 was reached.
k, tau are derived parameter(s).

Statistics
fitTernary C8
Number of Points 1110
Degrees of Freedom 1107
Reduced Chi-Sqr 3.0708E-5
Residual Sum of Squares 0.03399
Adj. R-Square 0.99936
Fit Status Succeeded(100)
Fit Status Code
100 : Fit converged. Chi-Sqr tolerance value of 1E-9 was reached.
Summary
yo0 A1 t1 k tau Statistics
Value Standard Error  Value  Standard Error  Value  Standard Error Value Reduced Chi-Sqr Adj. R-Square
fitTernary C8  -0.01428 0.00127  1.03109 9.04149e-4  1.12616 0.00367 0.88797 0.7806 3.0708E-5 0.99936
ANOVA
DF Sumof Squares  Mean Square FValue Prob>F
Regression 3 215.34031 717801  2.33751E6 0
fiTernary C8 Residual 1107 0.03399 3.0708E-5
erl
24 Uncorrected Total 1110 2153743
Corrected Total 1109 53.19788
Fitted Curves Plot
fitTernary C8
=]
-
i
Residual vs. Independent Plot
fitTernary C8
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Appendix F:

10 4 Y T Y T Y T Y T y T o
—0— PM7:Y6 (ITO/ZnO/BHJ/M0O,/Ag)
4 Voe=0.834V J, =261 mAcm’?
FF=64.2% PCE =14.0%

o
o\
0\‘-\‘
\

Current density (mA cm™)
2
1

0.2 0.0 0.2 04 0.6 0.8 1.0
Voltage (V)

Figure.F.1. Typical J-V characteristics of a champion PM7:Y6 BHJ organic solar cell under
simulated AM1.5G (100 mW/cm?) illumination (inset show the devices).

Figure.F.2. Photograph of a typical organic solar cell fabricated in our laboratory highlights
the semitransparency feature of the BHJ thin film.
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