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Synopsis

Organic devices are a relatively newer generation of electronic devices which can be flexible
and lightweight. Solution processing of these devices allows them to be scaled up by printing
technologies. These factors allow organic devices to be crucial in certain niche areas where
they have a significant edge over conventional inorganic devices. However certain challenges
pertaining to the device performance and stability have to be overcome to meet the full potential
of these devices. In this thesis, external electric field treatment (EFTA) has been used to address
some of these issues related to organic devices, mainly organic solar cells and organic
memristors. This treatment involves application of external electric field (EF) during the
thermal annealing stage of device fabrication. Understanding the modifications in morphology
introduced by the EFTA treatment and how the modifications can benefit the performance of

the organic devices is the core of this thesis.

The first part focuses on EFTA treatment of model organic solar cell system of P3HT: PCBM.
The dependence of donor chain length on EFTA treatment was studied by varying the
molecular weight of the semi-crystalline donor polymer. EF strength required for optimal solar
cell device performance was found to dependent on the molecular weight of the donor. It was
also observed that EFTA treatment was able to control the vertical phase segregation of the
donor and acceptor components in the active layer by varying the strength and direction of EF
applied during the treatment. The observed improvement in device performance was attributed
to increased hole mobility due to enhanced crystallinity of the donor component and optimal

vertical phase segregation of the active layer components.

The second part focuses on extension of EFTA treatment to active layer system of PTB7-Th:
PCBM, where PTB7-Th is a prototypical amorphous polymer donor. Additive DIO used in the
fabrication of PTB7-Th: PCBM is imperative to improve device performance. The presence of
residual DIO in the active layer however leads to stability issues in the device. Thermal
treatment used to effectively remove DIO leads to reduction in solar cell device efficiency.
Controlled Vertical phase segregation of active layer components by EFTA treatment was able
to mitigate the efficiency loss incurred by the thermal treatment. This leads to stable solar cell

devices with reasonable efficiency parameters.

The third part focuses on EFTA treatment of active layers in which the donor component was

also small molecule along with PCBM acceptor. The results indicated that it is the PCBM



acceptor molecule that responds to the external EF. Studies carried out on polymer donor: non-
fullerene acceptor systems did not show any discernible changes with EFTA treatment. Ability
of the active layer to respond to EFTA treatment was strongly dependent on the solvent that
was used during the fabrication. The presence of additive, DIO was shown to significantly
enhance response towards EFTA treatment. This was attributed to the low vapour pressure of
DIO allowing it to stay longer in the film. Selective dissolution of PCBM by DIO has shown
to be the reason why PCBM is able to migrate in the presence of EF during EFTA treatment.

The fourth part focuses on EFTA treatment on organic memristors. Active layer of organic
memristors contains semiconducting polymer (PFO/ P3HT) channels in a matrix of
ferroelectric dielectric polymer (PVDF-TrFE), sandwiched between two electrodes. Injection
of charge carriers from electrodes into semiconducting channels is controlled by the
polarization state of the ferroelectric polymer. Semiconducting channels that do not bridge the
top and bottom electrodes limits maximum current allowed through the device. EFTA treated
devices has shown an improvement in this parameter over control devices. The improvement
in current was attributed to increase in bridged semiconducting channels and optimal domain

sizes of semiconducting polymer regions in the ferroelectric polymer matrix.
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1.1 Solar cells

Non-renewable sources of energy like petroleum, coal and natural gas contributed to 75% of
the world’s energy requirements in 2018.! Studies have shown that world’s energy demand in
2018 was more than 23 000 TWh and increased by 2.9%.! This level of energy consumption
needs a shift from fossil-fuel and non-renewable energy sources to affordable-economic

renewable sources with minimum impact on factors leading to climate change.’

Among the different renewable energy sources, solar energy is the most abundant. Solar energy
can be tapped in the form of heat (solar-thermal) or electricity (photovoltaics). In the field of
solar photovoltaics, the basic solar cell device which converts solar energy into electrical
energy are largely silicon-based. In these devices, absorbed photons generate charge carriers

which are then extracted into an external circuit and generate power at large-area efficiencies

of 25 %.?
1.2 Organic solar cells

These cells have an active layer consisting of organic semiconductors with appropriate buffer
layers and electrodes. The mechanism of energy conversion of these solar cells is conceptually

different from that of Silicon solar cells.
1.2.1 Advantages of organic solar cells

Organic solar cells (OSCs) have certain inherent advantages over conventional Si-based solar

cells, namely:

1. Flexibility: Silicon solar cells are usually thick (> 1 um) because of their low absorption
coefficient. They are also rigid. These factors prevent them from being fabricated on
flexible substrates. Organic solar cells overcome this barrier since the active layers are
usually thin layers (< 200 nm) owing to its high absorption coefficients.

ii.  Bandgap tunability: The absorption bandgap and absorption window of molecules are
determined by the structure. By carefully tuning the structure of the molecules of the
active layer, organic solar cells, which absorb in selective absorption range, can be
fabricated.

iii.  Solution-processable: Organic solar cells can be fabricated by solution-processable
techniques like spin-coating, drop-casting at room temperature conditions. This allows

easier scaling up of these devices using roll to roll processing methods.
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iv.  Low energy cost: Unlike the conventional solar cells, which require energy-intensive
processing steps, the energy cost involved in the fabrication of organic solar cells is
quite low. Life cycle analyses of these solar cells have shown that the energy invested
in the fabrication of these solar cells can be gained back in a matter of months when the

solar cell is under operation.* >

However, major drawbacks from the technical standpoint are the absence of proven stability of
these devices, especially under extreme environmental conditions over a long period. It is
expected that an improved understanding of the decay processes involved should assist in

addressing these issues.

1.2.2 Organic (Polymer) semiconductors

@ sp?orbitals — o bond
@® porbitals — 7 bond H

Figure 1.1 Schematic of orbital overlap for two sp’ hybridised carbon atoms.

The charge transport in low-dimensional polymer semiconductors is different from
conventional transport in doped inorganic semiconductors. ® 7 The carbon atoms in these
systems are sp’-hybridized having sp? orbitals in a trigonal planar configuration with the p,
orbitals perpendicular to the plane (shown in Figure 1.1). This forms a conjugated system with
delocalized = electrons due to resonating alternate double (c+m) bonds and (c) bonds in the
molecule. As a result of this conjugation, p.-orbitals split into two energy states, completely
filled lower-energy Bonding Molecular Orbital state which acts as Highest Occupied Molecular
Orbital (HOMO) and partially filled higher-energy Non-Bonding Molecular Orbital state
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which acts as Lowest Unoccupied Molecular Orbital (LUMO). The energy gap between the
LUMO and HOMO levels forms the bandgap. As the delocalization of the m, electrons
increases, the bandgap of these organic semiconductors reduces, and the associated energy
levels become closely spaced, converging to a band structure nearly akin to inorganic
semiconductors. In general, polymers are structurally and electronically disordered materials.
A perturbation along the conjugation of the polymer backbone can change the HOMO and
LUMO levels locally. The density of states available for charge transport is often approximated
by Gaussian distribution. The mechanism of conductivity/mobility in these molecules is based
on the motion of charged defects within the conjugated framework. Hence, the bulk parameter
of charge transport mobility in polymer materials is effectively much lower than in crystalline

inorganic materials.

Cathode Cathode
Cathode
Acceptor Bulk
Active layer Donor Heterojunction
Transparent Electrode Transparent Electrode Transparent Electrode

a) Single layer OSCs b) Bilayer OSCs c) Bulk heterojunction OSCs

Figure 1.2 Evolution of organic solar cells (OSCs)

Due to the inherent low dielectric constant and high electron-lattice interactions of these
organic materials, the electron-hole pair generated upon photon absorption remains bound
because of the strong coulombic interaction. The characteristics of the bound electron-hole pair
-‘exciton’ such as the binding energy and diffusion lengths play a decisive role in charge
generation. To generate photocurrent, the exciton has to be separated as electrons and holes,

and collected at the respective electrodes.

In the initial organic solar cells fabricated, the active layer was made up of single organic
semiconductor material. The efficiency of these single-layer organic solar cell devices was very
low (~ 1073 — 10" %). It was realized that to efficiently split the exciton, at least two organic
semiconductors with differing energy (LUMO or HOMO) levels are required. The organic
material with higher LUMO levels acts as the donor molecule, whereas the organic material
with lower LUMO levels acts as the acceptor. The photon absorption and the generation of
exciton generally ensue in the donor molecule in systems involving fullerene derivatives as the

acceptors.
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At the interface-junction of these two components, the electron gets transferred to the lower
LUMO energy levels. The spatially separated charges across the interface can remain bound
together as Charge Transfer (CT) state prior to a complete charge-separated state or a
recombination process. After separation of the CT state, the hole remaining in the donor
molecule and the electron remaining in the acceptor molecule have to be collected at the
respective electrode. To facilitate the charge transport of the separated charge carriers, donor
molecules provide a transport network for the holes while the acceptor molecules provide the
same for electrons. Bi-layer solar cells where the active layer is made of the two adjacent layers
of donor and acceptor lead to efficiencies in the range of 1%.% The efficiency of these bilayer
solar cells is limited by the thickness of the solar cells, which in turn is limited by exciton
diffusion length. Exciton diffusion length (usually around 10-20 nm) is the distance exciton
travels before recombining on its own.” This type of recombination is called ‘Geminate
recombination,’” and acts as a loss parameter for the performance of the solar cells since the

generated charge carriers are not extracted.
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Figure 1.3 NREL Efficiency chart of different solar cell technologies. The rapid growth of

organic solar cells (OSCs) can be observed in the chart

Significant improvement in the working of organic solar cells was achieved with the
introduction of bulk heterojunction (BHJ) solar cells.!” In these BHJ solar cells, the active layer
consisted of a blend of donor and acceptor molecule mixed together leading to a film formation

with the donor phase and acceptor phase forming a large number of interfaces in the 3-
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dimensional bulk. This type of solar cells provides a sufficient interface area of donor and
acceptor for charge generation and percolation pathways for charge collection. Evolution of
organic solar cells has been depicted in the schematic (Figure 1.2). Recently, by carefully
tuning the structure of the molecules involved, and the morphology of the active layer,
efficiency as high as 16% have been reported for single layer BHJ organic solar cells.!!"!
NREL chart (shown in Figure 1.3) depicts the improvement in best device efficiencies obtained

for organic solar cells in the last few years, along with other solar cell technologies.
1.2.3 Different architectures of organic solar cells

Single-layer organic BHJ solar cells can be typically fabricated in two different architectures,
depending on whether the transparent electrode acts as a hole-collecting electrode or electron-
collecting electrode (Figure 1.4). If the transparent electrode acts as a hole-collecting electrode
or electron-collecting electrode, it is termed ‘normal’ device structure or ‘inverted’ device
structure, respectively. For normal device structure, low-work function metal is reserved as the
top electrode to facilitate electron collecting. However, low-work function metal at the top of
the device will be prone to oxidation and leads to stability issues. The inverted device structure

is relatively more stable with high-work-function metal on top.

Electron-collecting electrode Hole-collecting electrode

Hole conducting buffer layer

Bulk Heterojunction

Bulk Heterojunction

Hole conducting buffer layer

Hole-collecting electrode Electron-collecting electrode

(a) Normal device structure (b) Inverted device structure

Figure 1.4 Different architectures of organic solar cells (OSCs)
1.2.4 Buffer layers

The active layer is usually sandwiched between buffer layers to improve the charge collection
efficiency of separated charges to the respective electrodes.!> '* Buffer layers generally allow
only one type of charge carriers to flow through them while limiting charge carriers of opposite
charge to flow through them. These layers are usually solution-processed or thermally

evaporated. Commonly used electron-buffer layers include Zinc oxide (ZnO), Lithium fluoride
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(LiF) and Titanium oxide (TiOx). Poly(3,4-ethylenedioxithiophene): poly(styrenesulphonate)
(PEDOT: PSS), Molybdenum oxide (MoOx), Vanadium oxide (V20s) are typical hole buffer
layers. Figure 1.4 shows the typical device architectures of organic solar cells with buffer

layers.
1.2.5 Stability of organic solar cells

Along with increased efficiency numbers, the stability of OSCs also has to be addressed to
make these OSCs commercially viable. Currently, the stability of OSCs is one of the bottle-

necks towards scaling up of these devices. There are a lot of factors limiting the stability of

solar cells namely!>: 16
1) The reaction of the active layer to oxygen and moisture
i) Degradation under thermal stress

1i1) Intolerance towards mechanical stress
v) Degradation of metal electrodes
V) Unfavourable diffusion of electrodes and buffer layers into the active layer

vi) Metastable BHJ morphology which evolves over time

Most of these factors can be overcome by careful selection of materials for fabrication and
suitable encapsulants. Among these factors, metastable device morphology, which leads to
irreversible morphological changes in the active layer is the least understood. The thesis

presents a few methods to address some of these issues.
1.2.6 Solar cell parameters

100 mW/cm? is the universal standard for incident power used in the measurement of solar
cells, and corresponding solar spectra is given by AM 1.5 Global (Figure 1.5). Typical
schematic of current density-voltage (J-V) characteristics of the solar cell under illumination is
shown in Figure 1.6. In spite of differences with inorganic solar cells, the J-V characteristics

equations used for conventional cells is applicable for OSCs.
ev
I=1 [exp (TBT) — 1] — Jon (1.1

Here, J is the current density through the device, J, is the reverse saturation current density
through the device under dark conditions of operation, Jyn is the photogenerated current density,
n is the ideality factor, e is the elementary charge, kg is the Boltzmann’s constant and T is the

absolute temperature of operation.
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Figure 1.5 AM 1.5 Global Standard solar spectra used for the measurement of solar cells

The power conversion efficiency (n) of solar cells is dependent on three main parameters,
namely Open-Circuit Voltage (Voc), Short-Circuit Current (Jsc), and Fill factor (FF). It is given
by the following equation,

Voc X Jsc X FF

PCE(n) = o (1.2)
Voltage /

= Vmaxé VOC
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Figure 1.6 Typical current density — voltage (J-V) characteristics of solar cells under

illumination

Voc 1s the maximum obtainable voltage from a solar cell and it occurs when the current through
the device is zero. J is the current following through the solar cell when the voltage across the
solar cell is maintained zero. FF is a quantity which describes the maximum power that can be
obtained from the solar cell and is given by the following equation.

FF = YmaxXJmax (1.3)
VocxJsc )
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For organic solar cells, V. is primarily controlled the effective bandgap of the active layer,
i.e., LUMOucceptor- HOMOdonor, Where energy loss term is also included.!”!” Hence, it is
crucially dependent on the choice of the active layer components. Eioss is associated with energy

losses involved during exciton dissociation and charge transport.
eVOC = (LUMOacceptor - HOMOdonor)Eloss (1-4)

Jsc of organic solar cells quantifies the portion of photogenerated charge carriers extracted with
only the in-built potential of the device.?’?? It is limited by recombination losses inside the
active layer of the solar cell. At higher reverse bias voltages, all the photogenerated charge

carriers will be extracted, and Jsc becomes equal to Jsa (saturation current density).

FF reflects the efficacy of charge extraction of the separated charge carriers.?>">> Buffer layers,

which were discussed earlier help in improving the FF of the solar cells.

1.3 Working of Bulk heterojunction organic solar cells

Light phot
'ght photon Cathode

Bulk
Heterojunction

ransparent Electrode

Figure 1.7 Schematic representation of morphological perspective on working of organic solar

cells
The working of BHJ OSCs can be summarized by the following steps

1. Absorption of photon by the active layer and formation of exciton

2. Diffusion of exciton to donor-acceptor interface

3. Exciton dissociation, formation of Charge-Transfer (CT) state and separation of CT
state at the interface

4. Migration of separated charges and collection at respective electrodes

10
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Internal Quantum Efficiency (nige) of an OSC is given by the product of the efficiency of each

of the above-mentioned steps.

By definition, Internal Quantum Efficiency,

Nioe = NaBMpNcrlce (L.5)

Step 2

 E—|

Electron- [ — Electron- 1
Buffer  Metal Metal Buffer  Metal

layer Hole-Bufferl layer

layer
Step 4 Step 3

S 4= [S—]
= Electron- 1 == Electron- 1
Metal e Buffer Metal Metal ey Buffer Metal

Hole-Buffer layer Hole-Buffer layer

layer layer

Figure 1.8 Schematic representation of energetic perspective on working of organic solar cells

Here, nas is the efficiency of absorption of the incident light. This efficiency parameter is
dependent on the amount of overlap between the absorption of the active layer to that of the

solar spectra, and the thickness of the active layer.

np is the efficiency of the diffusion of the formed exciton to the Donor-Acceptor interface. It
is limited by the exciton diffusion length (Aq).?® Domain sizes of donor and acceptor
components smaller than the A4 are required in the active layer to ensure that the efficiency is

not lost at this step.

ncr is defined as the efficiency of dissociation of exciton and formation of the charge-transfer
(CT) state, and its dissociation into free charges. It depends on the morphology of the active
layer and the choice of donor and acceptor. Recombination of CT state without leading to

separated charges needs to be restricted.

ncc is the efficiency of the collection of separated charges. This parameter depends on the

percolation pathways for separated charges in the active layer to reach the electrode, choice of

11
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electrode and buffer layers. The charge carriers can undergo recombination with charge carriers
of opposite type in the active layer before reaching the electrodes. This recombination loss

process is termed Non-Geminate or Bimolecular Recombination.?’

Schematic representation of these above-mentioned steps involved in the working of solar cells

is shown in Figure 1.7 (morphological perspective) and Figure 1.8 (energetic perspective).
1.4 Morphology of organic solar cells

The morphology of the active layer film plays a critical role in all the efficiency parameters
discussed earlier.”® Morphology characterization techniques like X-ray Scattering methods
(Small and Wide Angle X-ray Scattering,> Polarized X-ray Scattering,’® Resonant Soft X-ray
Scattering),®! Atomic Force Microscopy, and Transmission Electron Microscopy have allowed
the researchers in the field to obtain correlations between internal microstructure and the
resultant solar cell device performance. The solution containing the blend of donor and
acceptor components is cast into films using spin-coating or doctor blade technique. The
resultant morphology is ultimately dictated by thermodynamics and kinetics of film formation
parameters dominated by the degree of phase separation between the donor and acceptor

components.
A basic thumb rule for optimum morphology for solar cell device performance is the need for

1) Domain sizes to be smaller than the exciton diffusion length so that all the generated
excitons access the donor-acceptor interface.
1) Presence of percolation pathways in the active layer for the separated charge

carriers to reach the respective electrodes.

For polymer components, parameters like regioregularity, molecular weight, side chains, and
molecular backbone dictate interactions between other polymer molecules of the same type
and other components in the blend. Solvents used for casting active layer films also play a role
in deciding the final morphology, since the solubilities of active layer components determine
the kinetics of formation of solid-phase from the liquid phase. Solvents in which active layer
components have comparable high solubilities are found to yield well-mixed smooth films with
low roughness. The D:A ratio required for good film formation features is D-A system-
specific. A balance of factors required for charge generation, transport, and extraction

processes form a major part of device studies leading to efficient solar cells.

12
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The morphology of the active layer immediately obtained after spin-coating is usually not
favourable for device performance. For these solution-processed solar cells, external
processing treatments are used to control the organization of the blend components to form a
morphology suitable for optimum charge generation and transport, to extract the best device

performance from a given D-A system. Some of them are:

1.4.1 Thermal annealing treatment

Thermal
Annealing

Figure 1.9 Schematic representing morphological modifications due to thermal annealing
treatment. The red lines indicate polymer chains and black circles represent acceptor small
molecules. Thermal annealing improves the ordering of the polymer chains and increases

aggregation of the small molecules.

Thermal annealing treatment is the process by which the spin-coated active layer films are
heated above their glass transition temperature for a short duration of time.’? 3* Thermal
annealing treatment has been used to increase and optimize the fraction of ordered regions in
the active layer, where temperature and duration of treatment are process parameters. This
treatment is effective in BHJ systems in which one of the components is semi-crystalline in the
thin-film state. Thermal annealing treatment has shown to increase phase segregation of the
active layer components and improve domain purity. For a semi-crystalline polymer: small
molecule BHJ system, there are differing views on the origin of driving forces behind the phase
separation of the active layer components due to thermal annealing. Few reports suggest that
phase separation is mainly driven by crystallization of the polymer donor at higher
temperatures, which leads to enhanced nt- m stacking of the polymer chains. This subsequently
allows acceptor small molecules to aggregate over longer time scales.** Few other reports claim
that acceptor molecule aggregation kinetics competes with the crystallization kinetics of the

donor polymer.*

13



Chapter 1

Thermally annealed films have shown improved packing (better crystallinity) of semi-
crystalline component, reflected in improved peaks in X-ray diffraction spectra and better
charge carrier mobility in the blend. This enhanced charge carrier mobility has been found to
improve the transport of separated charge carriers and reduce bimolecular recombination in the
BHJ system. Schematic showing morphological changes in the active layer with thermal
annealing is shown in Figure 1.9. Optimum thermal annealing temperature and duration is
dependent on the active layer BHJ system. There is a critical threshold above which the
treatment can become detrimental and can lead to unfavourable morphology. Thermal
annealing at higher than optimum temperatures or longer durations of time creates larger phase-
separated domains in the active layer, which limits charge generation efficiency and is

undesirable for solar cell device performance.* 3637

1.4.2 Solvent vapour annealing treatment

ZnO |:‘> Zn0 |:'> 7n0
ITO ITO ITO
[ Glass ]

Spin-coating of active Storing the spin-coated Solvent-annealed active

layer on substrates active layer in a solvent layer
vapour rich atmosphere

Figure 1.10 Schematic representing solvent vapour annealing treatment of active layer thin

films.

Solvent vapour annealing treatment involves storing the spin-coated active layer films in a
solvent-vapour rich environment.’® 3 This reduces the rate of evaporation of the remnant
solvent from the thin film. This allows the active layer components to redistribute into a more
favourable morphology. The observed improvement in device performance is ascribed to

increased ordering and crystallinity of the semi-crystalline donor component in the blend.

The spin-casted active layer films can also be stored in vapour-rich atmospheres of solvents

other than the host solvent. By carefully choosing the vapour solvent, aggregation in the active

14
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layer can be controlled in one of the components which has more solubility to the vapour

annealing solvent.*’

Two-step vapour-annealing treatments where spin-coated active film is
vapour treated with two different solvents, one after the other, have shown to improve device
performance.*! Use of mixed vapours of two different solvents have also been used to tune the
morphology of the active layer thin film.** Schematic of methodology of solvent vapour

annealing treatment is shown in Figure 1.10.
1.4.3 Use of Additives

The additives are high boiling solvents with low vapour pressure added in small quantities to
the native solvent used to cast the active layer film.** * Additives usually have selective
dissolution to one of the active layer components, usually the acceptor molecule. Additives
stay longer in the film than the native solvent and allow the BHJ to reach optimum morphology
for device performance. 1,8-Di-iodo-octane (DIO), alkyl-dithiols, 1-chloronaphthalene are
some of the commonly used additives. For semi-crystalline donor BHJ systems, usage of
additives has shown to improve phase separation of the active layer components. On the
contrary, for amorphous donor BHJ systems, additives have shown to reduce phase separation
and improve percolation of acceptor into donor-rich regions. Additives have also shown to
bring in vertical phase segregation of active layer components in the thin film.*> ¢ These
reports indicate that for amorphous polymer donor-based BHJ systems, acceptor small
molecules tend to segregate in the lower segment of the BHJ layer. On the contrary, for the
semi-crystalline polymer donor-based BHJ systems, the difference between the interaction
parameter between the donor and acceptor drives donor polymer to the bottom of the BHJ film

while acceptor small molecule displaces to the BHJ-air interface.
1.5 Patterning of organic thin films with external electric field

Pioneering work on patterning of thin film with external electric field were initially carried out
in the groups of Prof. U.Steiner and Prof. T.P. Russell.*’*° Electric field induced pattern
formation on soft films is termed Electro-Hydro-Dynamic Lithography. The physical basis of
this patterning technique is the amplification of fluctuations at a thin film-air interface or thin
film-thin film interface (for bilayers) by a destabilizing force generated when an electric field
is applied perpendicular to the surface. Patterning of thin films occurs when the destabilizing
electrostatic forces is sufficiently large to overcome the stabilizing forces of viscoelastic forces

of the thin film and gravity acting at the interface.
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Usually, polymer films are coated on one of the electrodes and electric field is applied between
the top and bottom electrodes which are separated by an air gap. On application of the electric
field, enhancement in the amplitude of capillary waves present on the polymer surface has been
observed. The characteristic spacing (L) of the patterns is given by

A=2nm [L] Er (1.6)

goep(ep—1)2] P

where U is the voltage applied, €, and is the dielectric constant of free space, ¢, is the relative

permittivity of the medium, v is the surface tension of polymer and E,, is the field strength in
the medium.

Similar studies have also been carried out in our laboratory where external electric field was
used for studying surface instability and patterning of soft viscoelastic dielectric films. 31~

Regularly ordered cylindrical pillars of dielectric material could be fabricated by this treatment

(shown in Figure 1.11).

Figure 1.11 Electro-Hydro-Dynamic Lithography used to create ordered patterning of thin
films of PDMS. Patterning is created because of instabilities driven by the competition between
electrostatic forces acting on the film and the surface tension of the film. (reproduced with

permission from Ref. [53].
1.6 External electric field assisted thermal annealing treatment

In this thesis, an external electric field-assisted thermal annealing treatment referred to as
‘EFTA treatment’ is used to control the morphology of BHJ active layers. This treatment is not
commonly used for device fabrication. The thesis highlights the utility of this procedure for
OSCs. The application of EFTA on spin-coated BHJ films fall under a different class of
phenomena. The BHJ films with multiple components do not respond collectively and the

large-scale extended electrostatic energy-driven instability pattern is not dominant. The
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reorganization and the rearrangement of the microstructure upon EFTA treatment in these

asymmetric complex binary systems form the major part of this thesis.

1.6.1 EFTA treatment methodology

% Spin-coating of active layer
on substrates

Zn0O

—

=

Silver Y Voltage
MoO, %

Suppl

Zn0O
ITO

Coating of Molybdenum oxide (8
nm) and silver (100 nm) by
thermal deposition A T,

duration

Tannealmg: 140°C

= 10 minutes

Figure 1.12 Schematic representation of the methodology of Electric field-assisted thermal
annealing (EFTA) treatment.

The active layer is typically spin-coated on ZnO coated ITO electrodes inside the glove box.
Here, ZnO acts as the electron buffer layer. The spin-coated substrate is then immediately taken
to a heating stage. A temporary top ITO electrode is brought over the active layer and kept
separated by a spacer ( = 300 um). Voltage is then applied between the top and bottom
electrodes. Thermal annealing for 140 °C for 10 minutes is carried out on the active layer. DC
voltage (strength of EF was varied during the treatment) is maintained throughout the thermal
annealing process. After the annealing process, the voltage terminals are removed along with
the temporary top electrode and spacer. All of these steps are carried out inside the glove box.
A permanent top electrode is then deposited by thermal deposition to complete the solar cell

device. Schematic representing the EFTA treatment of BHJ films is shown in Figure 1.12.
1.6.2 Review of EFTA treatment in the field of OSCs

Electric field treatment usually during thermal annealing of the active layer and its influence
of the morphology have been studied in the literature. A brief summary of some of these results

1s described below.
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In 2003, Sariciftzi and his group applied electric bias during the post-thermal annealing
treatment of P3HT: PCBM devices.>* It was observed that this treatment leads to an
enhancement in current density to 8.5 mA cm2, which consequently improved efficiencies of
solar cell devices from 2.5% to 3.5%. Similar treatments on different BHJ solar cell systems
where the electric field was applied between electrodes during thermal annealing post device

fabrication have been reported.> >

Cindy X. Zhao et al., applied AC electric field during thermal annealing of P3HT: PCBM BHJ
films.?”->® The electric field was applied to a floating top electrode and bottom ITO. The electric
field was applied by maintaining a voltage of 165 Vs with an air gap of 25 um. AC frequency
was around 102 Hz. The power conversion efficiencies of the treated solar cell devices
increased from 2.89% to 3.14%. They attributed the increase in device performance to better

crystalline order in the P3HT domains.

Ching-Fuh Lin et al., reported that efficiency of their P3HT: PCBM solar cell devices increased
from 3.16% to 3.51%, when electric field strength of 5.0 x 10° V/m was externally applied to
the device during the thermal annealing stage.”® The same group had also reported that the
increase in device efficiency was relatively higher when the external electric field was applied
in a horizontal direction (in the plane of the active layer) rather than when it was applied

vertically (perpendicular to the active layer).%

S. Sundar Kumar Iyer and his group studied the effect of external electric field on P3HT:
PCBM BH]J solar cells and P3HT pristine films, during thermal annealing.®!- % It was observed
that the crystalline order of P3BHT domains improved in both pristine case and BHJ case with
EFTA treatment. This improvement was also reflected in corresponding hole mobility studies
and peaks of P3HT polymer in the XRD studies. External Electric field treatment has been
shown to improve the device performance of solar cells based on P3HT-nanofibers and
PCBM.% Effect of external electric field treatment was studied on semi-crystalline and
amorphous polymer BHJ systems by Ankur Solanki et. al.** Significant changes were observed
for semi-crystalline BHJ solar cells (during thermal annealing) while amorphous donor BHJ
systems (without thermal annealing) did not show any discernible change with electric field

treatment.

Spray deposition is a technique of film casting where the active layer films are formed by
spreading of fine droplets of the blend solution and coalescence of the deposited material on

the substrate. Electric field assisted spray deposition of BHJ thin films, and buffer layers have
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shown improvement when compared to corresponding control devices.®>*” In this process, an
electric field is applied to the spray nozzle through which the deposition is carried out. The
improvement in performance was attributed to better crystallinity of the domains, enhanced

transport, and reduced recombination at the donor-acceptor interfaces.

Electric field treatment during solvent annealing without thermal annealing has also been found
to increase self-organization in P3HT domains, which subsequently improved P3HT: PCBM
solar cell device performance.®® Electric field-assisted thermal annealing has also been studied
on P3HT: PCBM BHJ systems with small addition 4-cyano-4’-pentylterphenyl (5CT) liquid
crystalline molecules.’® By carefully optimizing the process parameters, they were able to

increase device efficiency compared to control devices.

To control the nanomorphology of P3HT: PCBM BHI films, wet thin films were exposed to
E-field of Van de Graaff (VDG) generator at three different directions -horizontal (H), tilted
(T), and vertical (V) relative to the plane of the substrate.”’ Favourable morphologies with

efficient charge separation, transport, and collection were obtained by this treatment.

It is to be noted that in most of these studies, EFTA treatment has been largely carried out only
on semi-crystalline donor BHJ systems, mainly P3HT: PCBM systems. The observed increase
in efficiency parameters was typically attributed to increase in crystalline order in donor
domains and corresponding improvement in hole mobility in the active layer. We generalize
this approach by applying EFTA to a host of other types of BHJ systems and compare the
effects. In this process, we seek to improve the understanding of structure-property correlations
in both amorphous and semi-crystalline systems as well as small molecule and macromolecule
systems. A major outcome is the demonstration of the possibility of lowering the annealing
temperature and improved stability of EFTA systems. A final example of EFTA is also

demonstrated for binary mixture films for memory-switch application.
1.7 Thesis Outline and structure

The thesis is organized as follows:

The first part (chapter 2) focuses on EFTA treatment of model organic solar cell system of
P3HT: PCBM. The dependence of donor chain length on EFTA treatment was studied by
varying the molecular weight of the semi-crystalline donor polymer. EF strength required for
optimal solar cell device performance was found to depend on the molecular weight of the

donor. The observed EFTA induced improvement in device performance was attributed to
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increased hole mobility due to enhanced crystallinity of the donor component and optimal

vertical phase segregation of the active layer components.

The third chapter focuses on the extension of EFTA treatment to active layer system of PTB7-
Th: PCBM, where PTB7-Th is a prototypical amorphous polymer donor. The presence of
residual additives in the active layer leads to a profound effect and is also accompanied by a
faster rate of degradation. Controlled Vertical phase segregation of active layer components by
EFTA treatment was able to mitigate the efficiency loss incurred by the thermal treatment. This

leads to stable solar cell devices with reasonable efficiency parameters.

Chapter 4 focuses on EFTA treatment of active layers of two classes of systems (i) one in which
both the donor and acceptor are small molecules (ii) macromolecular donors and non-fullerene
acceptors. The results from the systems are examined and compared with the model systems

of chapter 2 and 3.

The final part focuses on EFTA treatment on two-component organic memristors. The active
layer of organic memristors consisted of semiconducting polymer (PFO or P3HT) channels in
a matrix of ferroelectric dielectric polymer (PVDF-TrFE), sandwiched between two electrodes.
The memristor action relies on the state of the barriers and transport network via the
semiconducting channels, which is controlled by the polarization state of the ferroelectric
polymer. EFTA treated devices reveal improvement in the performance parameters over

normal control- devices
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2.1 Introduction

2.1.1 Active layer

P3HT (poly(3-hexylthiophene)) is a semi-crystalline polymer donor and PC70BM (phenyl-Cs:-
butyric acid methyl ester) is a small molecule acceptor. Bulk heterojunction (BHJ) blends of
P3HT: PC70BM have been extensively studied as a model binary system. The device
performance-microstructure correlations of this BHJ blend is well understood in the literature. -
> The active layer of P3HT: PC70BM blend film is generally modelled in terms of a three-phase
morphology, with donor-pure regions, acceptor-pure regions, and amorphous regions of
intermixed donor and acceptor components.®® Donor-acceptor interface junctions, which acts
as carrier generation sites, are more in the intermixed amorphous regions. However, charge
extraction from these regions is limited by non-geminate recombination owing to insufficient
percolated pathways for separated charge carriers. The relative fractions of these three phases
in the active layer dictate the performance of solar cells fabricated, and it is found to be
critically dependent on the processing conditions. When P3HT: PC70BM blend is spin-coated
from the native solvent of chlorobenzene or dichlorobenzene, it is observed that it leads to
larger proportions of amorphous content in the active layer; hence the solar cells fabricated

without any treatments are inefficient.

Figure 2.1 Molecular structures of P3HT polymer donor and PC70BM small molecule acceptor

Thermal annealing treatment has been used to improve the performance of P3HT: PC70BM
BHI solar cells. By careful tuning of the thermal annealing treatment parameters, the fraction
of ordered regions can be optimized to improve the solar cell device performance.’!?
Improvement in ordering due to thermal treatment is reflected in better crystalline peaks in

XRD studies and mobility studies.
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Using additives like Di-iodo-octane (DIO) along with the native solvent have also shown to
improve the morphology of active layer and enhance subsequent device performance.'®
Additive solvents have been found to selectively dissolve PC70BM acceptor molecules and it
stays longer in the film due to their very low vapour pressure.!® This allows active layer

components to redistribute into a morphology favourable for enhanced device performance.

The molecular weight of the polymer donor also plays a role in deciding the initial state of the
active layer. As the molecular weight of the polymer is increased, the fraction of amorphous
content is found to increase in the active layer.!” '® This is because inertial forces and
conformational constraints of the polymer increases with the donor chain length.!® Solar cell
devices fabricated from BHJ with higher molecular weight P3HT have shown to be less
efficient because of the resultant lower crystalline donor in the polymer regions. Thermal
annealing conditions required to optimize the morphology favourable for optimum device

performance is also dependent on the molecular weight of the polymer.?°

2.2 Dependence of the molecular weight of the polymer donor on the

effectiveness of EFTA treatment

Untreated (UA) fims ]
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Figure 2.2 Normalized absorbance spectra of Untreated (UA) films of MMW-P3HT: PC7BM

and HMW-P3HT: PC70BM BHJ films. The thickness of the films was ~200 nm. Tthe films were

coated on glass substrates for absorption studies. Absorption studies of thin films were carried

out using Perkin Elmer UV/Vis/NIR Lambda 750 Spectrometer.

In this part of the chapter, the effectiveness of EFTA treatment on the P3HT: PC70BM BHIJ
system was studied by varying the molecular weight of the P3HT molecule. This study is aimed
at understanding how different initial states (different fractions of amorphous content) of the

same BHJ system responds to the EFTA treatment.
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Medium molecular weight (MMW)-P3HT of 45 kDa and high molecular weight (HMW)-
P3HT of 88 kDa were used in the study. High-Molecular weight P3HT was obtained from Prof.
Anil Kumar at [IT-Bombay (Sycon Polymers India Pvt. Ltd.). P3HT polymer of varying
molecular weights are available from the Sycon Polymers India Pvt. Ltd. MMW-P3HT.

PC70BM molecules were purchased from Luminescence Technology Corp., Taiwan.

BHJ blend solutions were fabricated with the donor: acceptor in the ratio 1:1 with
dichlorobenzene solvent. The 28 mg/ml solution was kept stirring at 55 °C for more than 8
hours. The blend solutions were spin-coated at 700 rpm for 1 minute on substrates when the
solution was at room temperature (30 °C) in inert conditions. ITO- substrates and ZnO-coated
ITO substrates were used depending on the requirement, with the latter case for the fabrication

of inverted solar cells.

Higher amorphous content in the HMW-P3HT BHJ film than the MMW-P3HT BHIJ films can
be observed in the blue-shifted absorption spectra of the HMW-P3HT BHJ film when
compared to the MMW-P3HT system for Untreated samples (as shown in Figure 2.2).

2.2.1 EFTA treatment

Thermal annealing conditions during EFTA treatment was maintained same for both the BHJ
systems (130 °C for 10 minutes). The strength of the EF applied during the treatment by varying
the voltage maintained between the top and bottom electrodes. Voltage values of 8, 40, and
200 V maintained with an air gap of 200 um yield EF strengths of 4 x 10%,2 x 10°, and 1 x 10*
V/em, respectively. The voltage was applied using Keithley 248 High Voltage power supply.
The treated samples are correspondingly denoted as low-EF, med-EF, and high-EF,
respectively. Only-thermally annealed devices are denoted as zero-EF or TA devices. The
direction of EF during the treatment was maintained such that the positive terminal is connected

to the bottom electrode and the top electrode was left grounded.

Morphological variations induced by the external EFTA treatment on the active layer is
followed by studying absorption spectra, mobility studies in the blend film, X-ray
characterisation, AFM imaging of the film. The solar cell devices fabricated after EFTA

treatment reflects how the EFTA treatment alters the resultant device performance.
2.2.2 Absorption studies

Structural reorganization in the BHJ films upon EFTA treatment was probed by analysing the

absorption spectra. Absorption spectra give insight into the degree of orientation and

31



Chapter 2

crystallinity in P3HT.?!22 Absorption spectra of the EFTA treated and control BHJ blend thin
films are shown for both MMW P3HT: PC70BM and HMW-P3HT: PC70BM in Figure 2.3
respectively, as a function of the strength of EF, applied during the treatment. Control
Untreated (UA) films show more blue-shifted spectra, which shows that there is larger
amorphous content in the active layer. The absorption spectra of TA and EFTA treated active

layer films is more red-shifted than the control UA films.

o

Absorbance (A.U.)
o

NN S N NN A
Figure 2.3 Absorbance spectra of MMW-P3HT: PC7»BM and HMW-P3HT: PC»BM BHJ
films as a function of EFTA treatment. UA and TA correspond to Untreated and Thermally
annealed control films, respectively. low-EF, med-EF, and high-EF correspond to EFTA
treated films with EF strengths 4 x 10° V/iem, 2 x 10° V/em, and 1 x 10* V/em respectively.
The thickness of the films was close to 200 nm. All the films were coated on ITO substrates for
absorption studies. Absorption studies of thin films were carried out using Perkin Elmer
UV/Vis/NIR Lambda 750 Spectrometer.

The intensity of peak around 600 nm is found to increase in intensity as the strength of the
electric field was increased during the treatment. This peak at 600 nm corresponds to alkyl
chain interaction between P3HT polymer molecules. This observation implies that there is a

definite increase in interaction between P3HT molecules with EFTA treatment.

From the intensities of peaks around 600 nm (2 eV) and 550 nm (2.25 eV) referred to A¢.o and
Ao-1 respectively, exciton bandwidth (W) can be extracted from the following equation
developed by Spano for P3HT chains,?® with the assumption that the Huang—Rhys parameter

1S unity.

w
Aomy . 170250,

Ap—1 1+0.073%
(0]

2.1
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Huang-Rhys parameter (S) is commonly used to characterize linear vibrational coupling to
electronic excitations through the difference between ground and excited state geometries.?*
The Huang-Rhys factor can be related to the displacement between the minimum energy
positions of harmonic vibrational potentials associated with ground and excited electronic
states by the expression, S= A%/2, where A is a dimensionless displacement expressed in units
of (h/uw)"?, with p being the reduced mass of the vibrational coordinate. S characterizes the

strength of exciton-vibration coupling.
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Figure 2.4 Exciton bandwidths (W) estimated from eq.2.1 as a function of EF strength
maintained during EFTA treatment for both the BHJ systems.

In equation 2.1, hwo= 180 meV is the effective energy of the main intermolecular vibrational
modes coupled to the electronic transitions. W has been shown to inversely proportional to the
conjugation length in the P3HT polymer chains.?> 2® In Figure 2.4, exciton bandwidth obtained
as the absorption spectra are plotted as a function of the strength of electric field applied during
the treatment. It can be observed that W reduces with EF strength for both the MMW-P3HT:
PC70BM and HMW-P3HT: PC70BM BHIJ systems. For MMW-P3HT: PC70BM, W obtained
for TA treatment was ~ 125 meV. The value of W progressively reduces with increasing EF
strengths and saturates at higher EF strengths. But for HMW-P3HT: PC7;0BM, W value
continuously keeps reducing as the strength of EF was increased during the treatment. This
observation implies that the conjugation length of donor domains increases in the active layer

film with EFTA treatment.
2.2.3 Hole mobility studies

The increase in conjugation length in the donor domains was further probed by hole mobility

studies. The mobility studies cab be estimated by different methods, including space-charge-
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limited current (SCLC), Charge Extraction by Linearly Increasing Voltage (CELIV), time of
flight (ToF), etc. Hole mobility was studied by dark MIS-CELIV technique systematically as
a function of processing conditions. MIS-CELIV technique extracts the unipolar charge carrier
mobility in a metal-insulator-semiconductor structure and is more accurate than conventional
techniques like SCLC and TOF mobility studies and utilizes films of thickness as used for solar

cell studies.?’

4 D
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Figure 2.5 a) MIS-CELIV output profile under negative offset and no offset conditions. b)

Experimental setup for CELIV studies (the layers are not drawn to scale). A Tektronix 1022

Arbitary function generator was programmed to generate a CELIV ramp pulse with adjustable

slope and offset. A LeCroy Waverunner digital storage oscilloscope A6100 was used to record

the response signal.

The BHIJ film was sandwiched between hole-injecting ITO/PEDOT: PSS (40 nm) electrode
and hole-blocking lithium fluoride (100 nm)/ Aluminum (100 nm) electrode. Pre-cleaned and
patterned ITO substrates were spin-coated with PEDOT-PSS (obtained from Ossila Limited)
at 4500 rpm and annealed at 120°C for 1 hour. BHJ spin-coating was carried out as described
earlier inside the glove box. Lithium fluoride and aluminium was thermally evaporated at 10
mbar base pressure on control and EFTA treated BHJ films. The experimental setup is shown

in Figure 2.5b.

When an offset voltage is applied, holes are injected into the semiconductor layer. If the
capacity of the insulator is higher than the capacity of the semiconductor, the injected charges
get accumulated at the semiconductor-dielectric interface. A reverse linear sweep of the voltage

V with slope A = dV/dt results in extraction of the accumulated charges. The current increases
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(Aj(t)) from its displacement value (jo) till the transit time (ti) of the charges according to the

form:

VO _ tan? (i) 2.2)

Jo tr

Current output was a function of time is shown in Figure 2.5a. From the transit time te, the

mobility p can be calculated using the equation,

t, = d \/i (1 + SSd") 2.3)

gids

Here, d; and d; are the thickness of the insulator and semiconductor, respectively. ¢; and & are

the respective dielectric constants.

Table 2.1: Hole Mobilities Extracted from dark-MIS-CELIV studies on BHJ blends of MMW-
P3HT: PC70BM and HMW-P3HT: PC70BM as a function of EFTA treatment. TA corresponds
to Thermally annealed control devices. low-EF, med-EF, and high-EF correspond to EFTA
treated devices with EF strengths 4 x 10° V/em, 2 x 10° V/em, and 1 % 10° V/em, respectively.

Hole mobility (cm?/Vs) MMW P3HT: PC7BM HMW P3HT: PC70BM

TA 3.23+0.56 x 107 5.46+0.65 x 10°¢
low-EF 3.9440.27 x 107 1.30+0.34 x 107
med-EF 1.31+0.33 x 10* 5.50+0.52 x 10°°
high-EF 1.44+0.31 x 10 1.40+£0.45 x 107

Hole mobility (1) obtained from several devices (>10 for each case) for both the BHJ systems
is shown in Table 2.1 as a function of EFTA treatment. In case of the thermally annealed
devices (TA) these studies point to higher pn for MMW P3HT based blend films (= 3.2 x 107
cm?/Vs) compared to HMW-P3HT case (= 5.4 x 10 cm2/Vs) in spite of the higher effective
conjugation length prevailing in the HMW systems as observed in the absorption studies. These
results indicate the presence of larger amorphous content in the HMW-P3HT BHJ film which
offers a higher barrier for charge transport in the BHJ.

For both the BHJ systems, hole mobilities of EFTA treated devices are found to increase when
compared to control TA devices. For MMW-P3HT: PC7BM hole-only BHJ devices, hole

mobilities keeps on increasing as the strength of EF was increased during the EF treatment. For
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HMW-P3HT: PC70BM, hole mobilities initially increases as strength is increased, but hole
mobilities reduce at higher EF strengths maintained during EFTA treatment. This mobility
trend further provides validation to the enhanced wavefunction overlap and conjugation length

for charge carriers upon EF treatment of BHJ films, as seen from the absorption studies
2.2.4 Atomic Force Microscopy (AFM) imaging

The change in the microstructure in bulk due to EFTA treatment is expected to cause significant
changes in the air-BHJ interface of the active layer. This was suitably characterized by AFM
imaging for both the BHJ systems, shown in Figure 2.6. Topography images reveal that the
surface roughness of the thin films does not show discernible change with EFTA treatment.
However, the phase images indicate that for both the BHJ systems, there is a significant
increase in the domain size with EFTA treatment when compared with the control TA films,
with the largest variations observed in the HMW P3HT: PCBM BHJ thin films. The observed
domains are expected to be due to the polymer donor owing its semi-crystalline nature. This

variation has been estimated in section 2.3.3.

Figure 2.6 Typical 3 um *x 3 um AFM Topography (a,b,e,f) and corresponding phase (b,d,g.h)
images of TA (a,c) and EFTA (b, d) -treated MMW P3HT: PC70BM BHJ films; TA (e, g) and
EFTA (f h) -treated HMW P3HT: PC70BM BHJ films. EF strength =1 % 10* V/em during the
EFTA treatment. For surface imaging, JPK Instruments (Nanowizard 3) AFM was used. The
AFM head was mounted on an inverted microscope (Carl-Zeiss). Feedback is controlled using
Four-Quadrant position detector measuring the deflection of the 810 nm laser from the AFM

cantilever as the tip scans over the surface. Budget sensor silicon AFM tips coated with gold
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coating with resonance frequency 300 kHz and force constant 40 N/m was used in tapping-

mode for the study.
2.2.5 GIWAXS studies

X-ray analysis of the degree of ordering in P3HT chains in the active layer has been correlated
to the parameters of device performance.?3! The increase in crystallinity of P3HT domains
was considered as the main reason for the increase in device efficiency for the EFTA treated
P3HT: PC7BM solar cells in the earlier studies. The increase in crystallinity of polymer donor
was studied by carrying out GIWAXS studies on EFTA treated and control BHJ films. The
bulk of the thin films was probed by X-ray by having an angle of incidence (o = 0.5°) higher
than the critical angle (a.c = 0.12°). The Out-of-Plane GIWAXS spectra obtained for both BHJ
systems is shown as a function of EFTA treatment in Figure 2.7. The peaks around 26 values
of 5.4°,10.7° and 16° correspond to (100), (200) and (300) peaks of P3HT chains respectively.
By Voigt-fitting of (100) peaks of P3HT, domain sizes were estimated by Scherrer’s equation.
The domain sizes increased from 14 nm (TA) to 16 nm (EFTA) for MMW-P3HT: PC;0BM.
For HMW-P3HT: PC70BM domain sizes increased from 12 nm to 14 nm, respectively. The
edge-on orientation of the P3HT chains in the active layer favoured during thermal annealing

is found to improve with EFTA treatment.*°
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Figure 2.7 GIWAXS OOP-spectra of (a) MMW P3HT: PC70BM and (b) HMW P3HT: PC70BM
BHJ thin films. TA corresponds to Thermally annealed control. med-EF and high-EF
correspond to EFTA treated films with EF strengths 2 x 10° Viem and 1 x 107 V/em
respectively. QOut-of-Plane GIWAXS patterns were obtained using Rigaku SmartLab X-Ray
Diffractometer system at Centre for Nano Science and Engineering (CeNSE), Indian Institute

of Sciences.
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It was noticed that the intensity of PC70BM around 20 of 18° reduces in magnitude as the
strength was increased during the EFTA treatment for both the BHJ systems. The change in
intensity was very drastic for HMW-P3HT: PC70BM where PC70BM peak completely reduced

even for very low EF strengths maintained during EFTA treatment.

2.2.6 Vertical phase segregation

From the reduction in the intensity of PC70BM peak, it can be inferred that the average
distribution of PC70BM molecules are translated to the bottom of the active layer, close to the
ZnO-BHJ interface. It is also observed that this redistribution is dependent on the strength of
the EF and the molecular weight of the donor, with redistribution more prominent in the case
of higher EF strengths during EFTA treatment and higher molecular weight of the polymer.
This vertical phase segregation is advantageous for solar cells of Inverted device architecture
since PC70BM moving to the bottom of the film will improve the charge collection efficiency
at the ZnO interface which acts as the electron-collecting buffer layer. But beyond a threshold,
it will be detrimental since the charge generation efficiency will be hampered as PC70BM

moving to the bottom of the film will reduce the total Donor-Acceptor interfaces.

2.2.7 Solar cell characteristics

O 1 1 1 1 1 0 1 I 1 1 1 Ly |
: o
MMW P3HT: PCBM ] HMW P3HT: PCBM &
2 ‘ 24 % 4
J ] 4
< 4 - E:
AV & oL 44 hg :
c UA & = « UA {,"';'
Q 134 & 1 —TA B
< 5] s ge < 6] e low-EF s -
= « low-EF & E o A2
= v = | — med-EF ¢
o —— med-EF i Q high-EF
- +high_Ei_,/J ] = — ]
10 . 10 o] .
I' T T T T 1 T 1 ] T T 1 1
01 00 01 02 03 04 05 06 01 00 01 02 03 04 05 06
Voltage (V) Voltage (V)

Figure 2.8 Typical solar cell characteristics of (a) MMW P3HT: PC70BM and (b) HMW P3HT:
PC7BM BHJ solar cells under I sun illumination. UA and TA correspond to Untreated and
Thermally annealed control devices, respectively. low-EF, med-EF, and high-EF correspond
to EFTA treated devices with EF strengths 4 x 10° V/iem, 2 x 10° V/em and 1 % 107 V/em
respectively. Solar cell measurements were carried out using Newport class AAA solar

simulator and Source Meter (Keithley 2420) interfaced with data acquisition software (Oriel

Instruments I-V test station).
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Pre-cleaned and patterned ITO substrates were spin-coated with zinc oxide (ZnO) nanoparticle
dispersion (purchased from Sigma Aldrich) in ethanol. Thermal annealing of ZnO layer was
done at 120°C for half an hour. The active layer was then spin-coated inside a nitrogen-rich
glove-box on the ZnO coated ITO substrates. It was followed by thermal annealing or EFTA
treatments as described earlier. The devices (electrode area ~ 7 mm?) were completed by

thermal evaporation of 8 nm of molybdenum oxide and 100 nm of silver.

Solar cell characteristics were obtained for EFTA treated and control BHJ devices. Typical J-
V characteristics under 1 sun illumination (AM1.5 standard 100 mW/cm?) is shown in Figure

2.8. Statistics from a large set of data (>10 devices of each case) is shown in Table 2.2.

Table 2.2 Solar cell parameters obtained from J—V Characteristics measured under 1 Sun light
lllumination for MMW-P3HT: PC70BM and HMW-P3HT: PCBM devices. UA and TA
correspond to Untreated and Thermally annealed control devices, respectively. low-EF, med-
EF, and high-EF correspond to EFTA treated devices with EF strengths 4 x 1 0’ Viem, 2 x 10°
Viem and 1 x 10* V/em respectively.

Voo (V) Jse (mA/cm?) Fill Factor (%) Efficiency (%)
MMW UA 0.60+0.01 4.11+0.50 42.56+1.94 1.05+0.12
P3HT: TA 0.57+0.01 9.53+0.16 57.01£3.37 3.09+0.13
PCBM 1ow-EF 0.56+0.01 9.95+0.39 57.8342.45 3.25+0.20
med-EF 0.58+0.01 10.25+0.33 63.77+0.60 3.78+0.11
high-EF 0.59+0.01 9.64+0.32 61.43+0.94 3.49+0.16
HMW UA 0.62+0.01 3.01£0.65 43.30+2.01 0.81+0.18
P3HT: TA 0.55+0.01 8.44+0.20 57.37+1.43 2.69+0.11
PCoBM 16w EF 0.56+0.01 9.48+0.28 56.05£1.76  2.98+0.13
med-EF 0.560.01 9.65+0.16 58.51+1.22 3.19+0.07
high-EF 0.56+0.01 10.12+0.27 58.55+1.91 3.3240.15

The following are the main results inferred from the solar cell characteristics.

i.  For EFTA treated devices, the device efficiency increases for both the BHJ systems
when compared to control thermally annealed devices: 17% increase (3.6% to 4.2%)
for MMW-P3HT: PC70BM OSCs and 20% increase (2.7% to 3.3%) for HMW-P3HT:
PC70BM OSCs.
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Largest variations are observed in Jsc of the devices, which is reflected in the efficiency
parameters.

For MMW-P3HT: PC70BM devices, there is a critical threshold of EF strength above
which the EFTA treatment becomes detrimental. For the HMW-P3HT: PC70BM solar
cells, the efficiency of the solar cells keeps on increasing as the strength of EF was
increased, in the range of EF strength studied. This reduction at higher EF strengths
during EFTA treatment for MMW-P3HT: PC7;,0BM OSCs could be due to reduced
percolation pathways for the separated charge carriers due to unfavourable phase
separation of the BHJ components.>?

Higher device performance of MMW-P3HT BHIJ system when compared to HMW-
P3HT BHIJ system is due to their different initial states in the thin film. HMW-P3HT
BHIJ system is more prone to chain entanglements and conformational constraints due
to the longer chain length of the polymer. It should also be noted that EFTA treatment
can overcome these restrictions and improve efficiency higher than conventional TA

treatments.
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Figure 2.9 Typical EQE characteristics of (a) MMW P3HT: PC70BM and (b) HMW P3HT:
PC70BM BHJ solar cells. UA and TA correspond to Untreated and Thermally annealed control

devices, respectively. low-EF, med-EF, and high-EF correspond to EFTA treated devices with
EF strengths 4 x 10° V/iem, 2 x 10° V/em and 1 x 10* V/em respectively. A light source (Zolix

LSH — T150 Tungsten Halogen Lamp) coupled with a monochromator (SPEX 500) was used

to illuminate the device area. EQE was measured at short circuit conditions using an

electrometer (Keithley EM 6514). The light intensity was calibrated using a silicon detector

(from UDT instruments).
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Typical External Quantum Efficiency (EQE) spectra obtained for MMW-P3HT: PC70BM and
HMW-P3HT: PC70BM devices are shown in Figure 2.9. The EQE spectra are characterized by
two distinct peaks, centered around 550 nm and 600 nm, respectively. These peaks correspond
to the absorption features of P3HT. For MMW-P3HT: PC70BM system, EQEnax increases from
~ 60% (TA) to ~ 70% (med-EFTA) with EFTA treatment. EQEmax decreases to ~60% when
EFTA treatment is carried out at higher EF strengths. For HMW-P3HT: PC70BM BHJ system,
EQEmax increases from ~ 55% (TA) to ~ 65% (high-EFTA) respectively, with EFTA treatment.
This correlates well with the observed increase in Js. of the solar cell devices with EFTA

treatment.

Table 2.3 Solar cell parameters obtained from J—V Characteristics measured under 1 Sun light
[llumination for MMW-P3HT: PC7BM devices. TA corresponds to thermally annealed
devices. med-EF and high-EF refer to EFTA treated devices with EF strengths 2 x 10° V/em
and I x 10* V/em, respectively. Thermal Annealing at 70 °C was carried out for various time

durations tqur.

tdur Voe (V) Jee (mA/cm?)  Fill  Factor  Efficiency
(minutes) (%) (%)

20 TA 0.57+0.00 7.97+£0.23 38.22+1.44 1.74+0.11
med-EF 0.56+0.00 8.2+0.17 44.68+1.07 2.05+0.01
high-EF 0.58+0.00 9.2440.30 45.85+0.02 2.48+0.08

90 TA 0.59+0.00 9.284+0.30 66.86+0.30 3.67+0.12
med-EF 0.57+0.00 10.51£0.10 63.26+0.76 3.78+0.08
high-EF 0.59+0.00 9.90+0.17 66.58+0.01 3.90+0.07

150 TA 0.57+0.00 9.93+0.24 62.50+0.91 3.57+0.11
med-EF 0.55+0.01 9.43+0.08 53.06%1.75 2.77+0.08
high-EF 0.57+0.00 9.44+0.19 38.26+1.86 2.07+0.15

Effect of EFTA treatment on MMW-P3HT: PC70BM was also studied by varying the duration
of thermal annealing at a lower annealing temperature of 70 °C. The ability to arrive at optimum
morphology of the active layer without higher temperature processing is beneficial when the
fabrication is scaled up and flexible substrates are involved. It has been shown that thermal

treatments above 150°C increases sheet resistance and physical deformation in flexible
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substrates.>> OSCs were fabricated whose corresponding BHJ films were subjected EFTA
treatment where the duration of the treatment(tqur) and strength of EF was varied. Solar cell
characteristics obtained from a large set of data is shown in Table 2.3. When tq,r = 20 minutes,
EFTA treatment enhances device performance (1.78% to 2.48%) when compared to control-
TA devices with significant improvements in Js (8 mA/cm? to 9.24 mA/cm?) and FF (38% to
46%). Similar results are obtained with EFTA treatments at higher ta = 90 minutes, but the
device efficiencies are higher and relative increase with EFTA treatment is lower. Average

efficiencies were as high as 3.9% for high-EF devices with tqur = 90 minutes.

On the further increase of tqyr to 150 minutes, it was observed that EFTA treatment reduces the
device performance with increase in EF strength applied during the treatment. This observed
trend is similar to the case where higher EF strengths reduced the device efficiencies for
MMW-P3HT: PC70BM devices annealed at 130°C for 10 minutes. This implies that the BHJ
system has entered a state where EFTA treatment becomes detrimental because of

unfavourable vertical phase separation in the blend.

2.3 Dependence of direction of EF applied during EFTA treatment on the

change in morphology

From the earlier part, it is clear that EFTA treatment can bring in vertical phase segregation in
the BHJ system. The increase in device performance obtained due to EFTA treatment is due to

increased ordering in donor domains and optimized vertical phase separation.
2.3.1 EFTA treatment

The question addressed in this part of the chapter is whether the redistribution of PC70BM due
to EFTA treatment dependent on the direction of EF applied during the treatment. To
understand that, EFTA treatment was studied by varying the polarity. Two new terminologies
are introduced. EF(+) implies that the positive terminal was connected to the bottom ITO and
top ITO was left grounded during the EFTA treatment. EF(-) implies that during the EFTA
treatment, the positive terminal was connected to the top electrode and the bottom electrode

was grounded.
2.3.2 Solar cell characteristics

Solar cell characteristics were studied by varying the direction of EF treatment for MMW-

P3HT: PC70BM solar cells. Typical J-V characteristics obtained for the control and EFTA
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treated samples are shown in Figure 2.10. Solar cell parameters obtained from a large set of
solar cells are shown in Table 2.4. From the data, it is very clear that there is a dependency in
the direction of EF applied during the treatment. Best device efficiencies (= 3.5 %) are obtained
for low-EF(+) treated devices. High-EF treated devices EFTA treated both in the positive and

negative directions show a reduction in efficiency because of undesirable morphology.

P3HT: PCBM

2 —e TA

low-EF(+)
—e— high-EF(+)
-4 4 *  Jow-EF(-) -
® high-EF(+)

Current density (mA/cm®)

-104 T T

T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 Qe

Voltage (V}

Figure 2.10 Typical solar cell characteristics of MMW P3HT: PC70BM BHJ solar cells under
1 sun illumination. TA corresponds to the thermally annealed control device. Low-EF and
high-EF refer to EFTA treated devices with EF strengths 3.3 x 10° V/em, and 8.3 x 10° V/cm,
respectively. EF(+) and EF(-) correspond to positive and negative directions of polarity

maintained during EFTA treatment, respectively. Experimental setup is described in the

caption of Figure 2.8.

It should be noted that for the same EF strengths, EF(+) treated devices show higher device
parameters than corresponding EF(-) treated devices. This clearly shows that there is a clear

dependence on the polarity of EF applied during EFTA treatment.
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Table 2.4 Solar cell parameters obtained from J-V characteristics of MMW P3HT: PC7;0BM

BHJ solar cells under 1 sun illumination. TA corresponds to the thermally annealed control

device. Low-EF and high-EF refer to EFTA treated devices with EF strengths 3.3 x 10° Vicm,

and 8.3 x 10° V/em, respectively. EF(+) and EF(-) correspond to positive and negative

directions of polarity maintained during EFTA treatment, respectively.

Voc (V)
TA 0.57+0.00
Low-EF(+) 0.57+0.00
High-EF(+) 0.58+0.00
Low-EF(-) 0.56+0.00

High-EF(-) 0.5520.00

Jsc (mA/cm?2)

8.4+0.15

9.44+0.17

9.03+0.05

9+0.05

8.47+0.07

Fill Factor (%)

63.32+1.26

65.91+1.3

58.01£2.13

64.28+0.89

59.39+0.90

2.3.3 Atomic Force Microscopy (AFM) imaging
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Figure 2.11 AFM phase images (3 x 3 um’) of a) TA b) EF(+) d) EF(-) treated P3HT: PC70BM

BHJ active layers coated on ZnO coated ITO substrates. EF strength maintained during the

treatment was = 8.3 x 10° V/em. ¢) Domain sizes calculated from sample area of 3 x 3 um?’

using Image Processing software Gwyddion. Experimental setup is described in the caption of

Figure 2.6.
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The changes introduced in the BHJ films owing to the EFTA treatment is more evident from
the AFM imaging. The phase images obtained for the P3HT: PC70BM films are shown as a
function of treatment. For the EF(+) case, where the average distribution of PC70BM is moving
to the bottom of the film, allows P3HT domains to form larger clusters. This is evident in the
domain size distribution estimated from the AFM phase images using image analysis. The
mean of the domain size shifts to 40 nm for the EF(+) case. For the EF(-) case, where PC70BM
comes to the top of the film competes with the P3HT domain formation. This shifts the average
domain size to smaller domains when compared to the domain sizes obtained from TA thin

films.
2.3.4 Advantages of EFTA over other treatments

Both thermal annealing and solvent annealing treatments have also shown to bring in vertical
phase segregation in the active layer. The direction of phase segregation is not controlled,
favouring either conventional or inverted device architecture. But EFTA treatment allows
vertical phase segregation in either direction depending on the polarity of EF applied during
the treatment. The strength of EF allows us to control the extent of vertical phase separation of

active layer components.

Absorption and hole mobility studies have indicated that there is an improvement in the
crystalline order in the P3HT domains with EFTA treatment. It was noticed from the GIWAXS
studies that EFTA treatment is able to bring in controlled vertical phase segregation of active
layer components. Solar cells fabricated showed an improvement in device efficiency when
compared to control thermal annealed devices. The improvement in performance was attributed
to enhanced ordering in the crystalline regions of the polymer and better optimized vertical

phase segregation of active layer components.

The EF strength required for optimum device performance is dependent on the molecular
weight of the polymer donor. There is a critical threshold EF strength above which EFTA
treatment becomes detrimental. It was shown that this threshold EF strength was dependent on
the molecular weight of the donor. This reduction at higher EF strengths could be due to the
reduction of charge generation efficiency due to increased vertical phase separation. Role of
crystallinity of donor was also studied in this chapter. It was observed that it was easier for

PC70BM to migrate in relatively less crystalline HMW-P3HT BHJ films.

By varying the direction of the electric field applied during the EFTA treatment, it was shown

that the directionality of vertical phase segregation in the active layer can be varied. It was
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shown that PC70BM could be moved to the bottom and top of the active layer by applying
positive EF (positive terminal connected to the bottom electrode during EFTA treatment) and
negative EF (positive terminal connected to the top electrode during EFTA treatment)
respectively. This was clearly observed in AFM morphology studies as variation in domain

size distribution with EFTA treatment.
2.4 Summary

Dependence of the molecular weight of P3HT and its response towards EFTA treatment was
studied in this chapter. EFTA treatment was shown to improve device efficiency for both the
BHIJ systems. It was also noticed that the vertical distribution of the active layer components
can be tuned by EFTA treatment by controlling the strength and polarity of EF applied during

the treatment.
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3.1 Introduction

3.1.1 Active layer

In this chapter, the effect of EFTA treatment on amorphous donor polymer blends with
fullerene acceptors is studied. Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-
b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-
2-6-diyl)] (PTB7-Th) is a model amorphous polymer donor (molecular structure is shown in
Figure 3.1) and has a lower-band gap (red-shifted) as compared to the semi-crystalline P3HT.
Thermal annealing procedure for pure amorphous systems in principle does not alter the
microstructure. Additive treatment has been found to be more effective usually for obtaining
optimum BHIJ films from blends of PTB7-Th and PC7)BM to result in increased device
efficiency of solar cells.! ? Di-iodo-octane (DIO) is usually added in very small quantities to
the native solvent used for the fabrication of solar cells.* * In semi-crystalline BHJ systems,
DIO has been found to increase phase segregation of the active layer components. In the case
of amorphous donor systems like PTB7-Th: PC7BM, the addition of DIO limits phase
segregation of the components. This allows for the formation of more homogenous distribution
of donors and acceptors in the film, which eventually increases charge generating interface

sites.>?

Figure 3.1 Molecular structure of PTB7-Th polymer donor

Although additive treatment contributes to the enhancement of device efficiencies, it leads to
irreversible detrimental morphological changes in the active layer over time.® DIO molecule
has a very low vapour pressure (0.04 Pa); hence, it stays longer in the film. Owing to its

selective solubility of PC70BM molecules, the domain sizes of PC70BM regions increases in
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size over time due to the presence of remnant DIO solvent in the active layer. This eventually
reduces device efficiency over time due to unfavourable morphology, manifesting itself as a
loss in device stability. It is necessary to arrest these metastable morphological changes to

improve device efficiency.

Thermal annealing treatment after the film formation can remove DIO in the active layer,
thereby improving stability.” However thermal annealing also leads to the formation of larger
PC70BM domains in the active layer which limits device performance.® This eventually leads

to a trade-off between stability and device efficiency in these BHJ systems.

Treatments like washing the active layer film with an inert solvent like methanol have shown
to remove DIO and thereby locking the morphology.® But this treatment leads to enriched
PC70BM in the top of the film, which will be unfavourable for solar cells devices fabricated in

‘inverted architecture.’
3.1.2 EFTA treatment

The issue that is being addressed in this chapter is the effectiveness of EFTA treatment to
control vertical phase segregation in the amorphous donor BHJ system of PTB7-Th: PC7,0BM
(similar to the trend observed in P3HT: PC70)BM BHJ system). In the earlier chapter, it was
observed that PC70BM molecules were able to translate to a larger extent under EFTA treatment
in the relatively more amorphous HMW-P3HT BHJ system. It is expected that the relatively
more amorphous donor polymer like PTB7-Th should favour vertical distribution with EFTA
treatment. EFTA treatment was studied by applying EF during thermal annealing treatment as
described in the earlier chapter. The dependence on the polarity of EF applied during the EFTA
treatment was also studied. EF(+) implies that the positive terminal was connected to the
bottom ITO substrate and the top ITO counter was grounded during the EFTA treatment. EF(-
) implies that during the EFTA treatment, the positive terminal was connected to the top
electrode and the bottom electrode substrate was grounded. TA and UA terms refer to the
control samples which have undergone thermal annealing treatment and completely untreated

films, respectively.
3.1.3 Fabrication of thin films and solar cells

BHIJ solutions of PTB7-Th: PC70BM were made at 1:2 ratio with polymer concentration at 12
mg/ml in chlorobenzene: di-iodo-octane (97:3 v/v) solvent. BHJ solutions were kept for more

than 8 hours at 55 °C. The solutions were brought to room temperature. For fabricating active
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layer thin films, the active layer was then spin-coated at 1000 rpm for 1 minute on ITO
substrates inside a nitrogen-rich glovebox. Solar cell device fabrication involved spin-coating
the active layer on ZnO coated ITO substrates. The active layer was then thermally annealed
or EFTA treated, as described in Chapter 2. EFTA treatment was carried out where thermal

annealing conditions were set as 140 °C for 10 minutes
3.2 Characterization
3.2.1 Absorption studies

The absorption spectra of the BHJ thin films of PTB7-Th: PC7BM as a function of EFTA
treatment is shown in Figure 3.2. The peaks around 640 nm and 700 nm correspond to the
peaks of PTB7-Th.":2 It was observed that there were no significant changes in the spectra with
respect to the EFTA treatment when compared to only TA treatment. This could be due to non-

crystalline nature of the polymer donor.
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Figure 3.2 Absorption spectra of BHJ films of PTB7-Th: PC7BM. TA indicates Thermally
annealed BHJ films. EF(+) and EF(-) indicates EFTA treated BHJ in positive and negative
directions, respectively (EF strength = 8.3 x 10° V/cm).Absorption studies of thin films were
carried out using Perkin EImer UV/Vis/NIR Lambda 750 Spectrometer.

3.2.2 GIWAXS studies

X-ray diffraction studies were carried out to obtain insights into the morphological variations
induced by the EFTA treatment. Even though PTB7-Th is an amorphous donor polymer, there
exists small crystalline regions of the polymer in the amorphous matrix, which is evident from

the GIWAXS spectra of the BHJ films of PTB7-Th: PC70BM (Figure 3.3).
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Figure 3.3 GIWAXS Out-Of-Plane spectra of BHJ films of PTB7-Th: PC7BM at incidence
angles a) 0.2° and b) 0.35° respectively. TA indicates Thermally annealed BHJ films. EF(+)
and EF(-) indicates EFTA treated BHJ in positive and negative directions, respectively. (EF
strength =8.3 x 10° V/em). Experimental setup is described in the caption of Figure 2.7.

The incidence angle (0i) during the GIWAXS measurements was varied to carry out depth
analysis of the active layer films. Similar depth analysis using GIWAXS studies have been
studied earlier to probe vertical phase segregation of P3HT: PC70BM active layer film with
thermal annealing.” Critical angle (0.) is defined as the angle of incidence at which the
incoming X-rays grazes the top surface and is dependent on the active layer. 6. for PTB7-Th:
PC7BM films were found to be = 0.15°. BHJ films were probed with two different incidence
angles, 0.20° and 0.35°, such that one of the angles was closer to the critical angle. When the
0i = 6., BHJ film close to the air-BHJ interface was probed. When the 01 >0, the bulk of the

active layer was probed.

Table 3.1 Analysis from GIWAXS spectra of PTB7-Th: PC70BM BHJ films. TA refers to
thermally annealed sample. EF(+) and EF(-) refers to EFTA treated samples in positive and

negative directions, respectively (EF strength= 8.3 x 10° V/cm).

R(6; =0.2°) R(6; = 0.35°) R(6; = 0.35°)
_ PCBM(8;=0.2°) _ PCBM (8; = 0.35°) R (6; = 0.29)
~ PTB7 —Th (6; = 0.2°) ~ PTB7 —Th (0; = 0.35°)

TA 043 0.46 1.07

EF(+) 0.2 0.27 1.32

EF(-) 1.33 1.04 0.78
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GIWAXS spectra of EFTA treated and control BHJ films, obtained at two different incidence
angles are shown in Figure 3.3. The peaks around q values of 0.31 A™' and 1.28 A! corresponds

PTB7-Th (100 peak) and PC70BM respectively.'”

Consider the GIWAXS spectra obtained at 6; = 0.2°. It can be seen that for the EF(+) treated
films, PC70BM peak (around q value of 1.28 A™) reduces in intensity and for the EF(-) case,
PC70BM peak increases in intensity, when compared to TA films. This trend is also reflected
in the GIWAXS spectra, where bulk is probed (6; = 0.35°). From the intensities of PC70BM and
PTB7-Th, a parameter R is defined, which is given by the ratio of the intensity of PC70BM
peak to the intensity of PTB7-Th peak. This parameter R obtained from GIWAXS spectra at

both the incidence angles are shown in Table 3.1.

The last column of Table 3.1, a parameter T is defined, which is given by the ratio of R obtained
at higher incidence angle (0.35°) to R obtained at lower incidence angle (0.2°). This parameter
T defines how the relative fraction of PC70BM with respect to PTB7-Th varies as we move
from the air-BHJ interface into the bulk of the film. T = 1_implies that the relative fraction of
PC70BM with respect to the polymer donor do not vary when you move from the top surface
to bulk. Value of T less than 1 (greater than 1) implies that PC70BM proportion relative to
PTB7-Th reduces (increases) when we move from surface to bulk. For the EF(+) case, it can
be observed that T = 1.35 (>1), which indicates that PC70BM contribution in the active layer
increases we move from surface to bulk implying that contribution of PC70BM is lesser in the

surface. For the EF(-) case, T = 0.78(<1), this implies that PC70BM contribution reduces as we

move from surface to bulk implying that it initially started with a higher concentration of

PC70BM on top of the film.

15.5 14.7

deg deg
0 0

deg deg

Figure 3.4. AFM phase images (3 x 3 um’) of a) TA b) EF(+) ¢) EF(-) treated PTB7-Th:
PC70BM BHJ active layers coated on ZnO/ITO. . TA indicates Thermally annealed BHJ films.
EF(+) and EF(-) indicates EFTA treated BHJ in positive and negative directions, respectively.
(EF strength =8.3 x 10° V/cm). Experimental setup is described in the caption of Figure 2.6
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.3.2.3 Surface characterization

The surface of the active layer was probed by AFM imaging. The phase images obtained as a
function of EFTA treatment is shown in Figure 3.4. Phase images of PTB7-Th: PC70BM thin
films did not show any discernible change on account of EFTA treatment, owing to the

amorphous nature of the polymer donor.

Figure 3.5 Representative images of water contact angle measurements on thin films of a)
PTB7-Th (pristine) b) PC70BM (pristine) c) Control (BHJ Blend) d) TA (BHJ Blend) e) EF(+)
(BHJ Blend) f) EF(-) (BHJ Blend). Control and TA correspond to untreated and thermally
annealed control samples, respectively. EF(+) and EF(-) refers to EFTA treated samples in

positive and negative directions, respectively (EF strength=8.3 x 10° V/cm).

The air-BHJ interface was further probed by water contact angle measurements. Contact angles
were measured for pristine films, control, and EFTA treated BHJ films. Contact angles were
obtained from measurements at different locations on the sample films. Typical water contact
images obtained and the averaged contact values obtained for all the cases are shown in Figure
3.5. From the averaged contact angles of pristine and BHJ films, the fraction of donor polymer

in the BHJ films in the air-BHJ interface was computed by using Cassie-Baxter equation, !!

oS Opieng = f €0s Oprpy_rn + (1 — f) cos Opcpy (3.1)

OpTB7-Th, OPCBM, and Oglend correspond to water contact angles obtained for pristine PTB7-Th

film, pristine PC70BM film, and BHJ blend films respectively. f corresponds to the fraction of
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the donor polymer on the top of the films. Donor fraction obtained for the control and EFTA

treated BHJ films are shown in Table 3.2.

The control untreated (UA) and TA films show a significantly higher fraction of donor on the
air-BHJ interface. This observation is in accordance with earlier literature, which indicates that
amorphous donor BHJ systems prefer higher donor concentration on the top of the film. When
EF(+) treatment was carried out, the donor fraction increases as high as 93%. For the EF(-)
treatment, the donor fraction reduces on top of the film to = 56% because of PC70BM accruing

at the top of the film.

Both depth analysis with GIWAXS studies and water contact angle measurements confirm the
vertical phase segregation with EFTA treatment, with EF(+) and EF(-) treatments translating
average distribution of PC70BM to the bottom of the film and air-BHJ interface respectively.
The studies have proven the hypothesis that EFTA treatment will be able to bring in vertical

phase segregation in the amorphous donor BHJ films.

Table 3.2 PTB7-Th fraction on the air-BHJ interface for different BHJ films obtained from the
Cassie-Baxter equation. UA and TA correspond to Untreated control and Thermally annealed
BHJ films, respectively. EF(+) and EF(-) indicates EFTA treated BHJ films in positive and

negative directions, respectively.

PTB7-Th fraction on the air-BHJ

interface
UA 72.82 +1.08 %
TA 75.54 +0.54 %
EF(+) 92.66 + 0.82 %
EF(-) 58.69 £ 1.63 %

3.2.4 Solar cell characterization

In the earlier studies involving semi-crystalline donors, EFTA treatment was carried out where

thermal annealing conditions were set as 140 °C for 10 minutes. However long annealing times
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(=10 minutes) were found to detrimental to these present device performances yielding

efficiencies less than 6%.

PTB7-Th: PCBM
T T

—e— UA
——TA
low-EF(+)
® high-EF({+)
5 * low-EF(-)
—e— high-EF{-)

Current density (mAfcmz)

-20

00 02 04 06 08
Voltage (V)

Figure 3.6 Typical J-V characteristics of PTB7-Th: PC,BM BHJ solar cells under 1 sun

illumination.UA and TA corresponds to untreated and thermally annealed control devices,

respectively. Low-EF and high-EF refer to EFTA treated devices with EF strengths 3.3 x 10°

V/iem, and 8.3 x 10° V/em, respectively. EF(+) and EF(-) correspond to positive and negative

directions of polarity maintained during EFTA treatment, respectively. Experimental setup is

described in the caption of Figure 2.8.

After careful optimization, EFTA treatment (and TA treatment) duration was set as 150
seconds while annealing temperature was maintained at 140 °C. Solar cells were fabricated
after carrying out EFTA treatment on the BHJ films of PTB7-Th: PC70BM with new process
parameters. Typical J-V characteristics obtained at 1 sun illumination is shown in Figure 3.6.
Solar cell parameters obtained from J-V characteristics from a large set of devices (>10 devices

in each case) are shown in Table 3.3.

The untreated control devices (UA) show the highest device efficiency (~7.8%) with Js. of
~19.5 mA/cm? and FF of ~52%. But these untreated devices are prone to degradation as will
be discussed in the later sections. TA devices show efficiencies close to ~6.7 % with Jsc of ~
17 mA/cm? and FF of ~50%. EF(+) treatment reduces device efficiencies relative to TA
treatment, with a significant reduction in FF (~48%). However, low-EF(+) devices have higher
Jsc value of 17.9 mA/cm?. EF(-) treatment increases the device efficiencies compared to TA
treatment, with low-EF(-) treated devices show efficiencies as high as ~7.2%. This increase in

device efficiency is attributed to increase in FF (~52%) and Js (17.5 mA/cm?).
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Table 3.3 Solar cell parameters obtained from J-V characteristics of PTB7-Th: PC70BM BHJ
solar cells under 1 sun illumination.UA and TA corresponds to untreated and thermally
annealed control devices, respectively. Low-EF and high-EF refer to EFTA treated devices
with EF strengths 3.3 x 10° V/em, and 8.3 x 10° V/icm, respectively. EF(+) and EF(-)

correspond to positive and negative directions of polarity maintained during EFTA treatment,

respectively.
Voe (V) Jee (mA/cm?)  Fill Factor (%) Efficiency (%)

UA 0.76+0.00 19.69+0.05 52.52+0.61 7.82+0.04
TA 0.78+0.00 16.96+0.24 50.08+0.65 6.61+0.08
Low-EF(+) 0.76+0.00 17.9+0.30 48.18+0.60 6.52+0.16
High-EF(+) 0.77+0.00 16.92+0.32 48.55+1.09 6.3+£0.15

Low-EF(-) 0.78+0.00 17.53+0.34 52.2+0.26 7.13+£0.15
High-EF(-) 0.76:0.00 17.6840.27  50.71+0.25 6.86:0.14

In the earlier chapter on semi-crystalline donors based blends, it was observed that lower EF
strengths maintained during EF(+) treatment gave the highest device performance. In the case
of EFTA treatment of PTB7-Th: PC7BM, it was observed that low-EF(-) treatment gives
superior performance when compared to other treatments. This observation could be explained
by the variation of initial microstructure obtained for semi-crystalline and amorphous polymer
donor: fullerene BHJ system in the presence of the solvent additive.'? For semi-crystalline
polymer BHJ systems, the difference between the interaction parameters of the active layer
components drives the polymer donor closer to the BHJ-ZnO interface while PC70BM moves
to the top of the active layer. Hence, EF(+) treatment, which redistributes the PC70BM closer
to the bottom of the film is found to be favourable. In the case of amorphous donor polymer
BHIJ systems, PC70BM molecules segregate close to the bottom of the film, while the polymer
donor displaces to the air-BHJ interface. In this system, low-EF(-) treatment, which drives

PC70BM to the top of the film is found to be favourable.
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Figure 3.7 Typical EQE characteristics of EFTA treated and control PTB7-Th: PC70BM solar
cells. UA and TA correspond to untreated control and thermally annealed control devices,
respectively. EF(+) and EF(-) refer to positive and negative directions of polarity maintained

during EFTA treatment, respectively. Experimental setup is described in the caption of Figure
2.9.

Typical EQE spectra obtained for EFTA treated and control devices of PTB7-Th: PC70BM
OSCs are shown in Figure 3.7. UA devices show highest EQE values than the corresponding
EFTA and TA devices. TA devices show lowest EQE values. Low-EF treated devices show
higher EQE values than TA devices reflecting the corresponding trend in the Jsc of the devices,

as shown in Table 3.4.

This increase in FF and Jsc for EF(-) treated devices were further probed by studying the light-

dependence on Js of solar cells.

J-V characteristics of solar cells were studied at different light intensities using neutral density
filters. Light intensities were initially calibrated with a standard silicon solar cell. Typical J-V
characteristics obtained at different light intensities are shown in Figure 3.8a. Jsc obtained at
different light intensities is shown in log-log plot (Figure 3.8b). Jsc has a logarithmic

dependence on the light intensity 1,131
Joe = CI%(a < 1) (4.3)

The parameter a tells about bimolecular recombination in the solar cell device. o = 1 implies
negligible bimolecular recombination in the solar cell device. When a <1, signifies that

bimolecular recombination increases in the device.'® !’
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Figure 3.8 (a) Typical light-intensity dependence of J-V characteristics of PTB7-Th: PC7)BM
OSCs. Neutral density filters were used to vary the intensity of 1 sun illumination (AM 1.5
Global). Legends indicate light intensity in units of mW/cm?. b) Jsc of EFTA treated and control
PTB7-Th: PC7BM OSCs. Legends indicate typical « parameter obtained for EFTA treated

and control devices.

o was obtained from the slope of the log-log plots of Js vs. light intensity. (from the above
equation) The a obtained for control and EF treated devices are shown along with the legends
in Figure 3.8b. For low-EF(-) treated devices, o = 0.95 was obtained, which is higher than other
EFTA treated and control devices. This observation implies that there is a reduction in
bimolecular recombination in low-EF(-) treated devices. This is attributed to better percolation

pathways for separated charge carriers.
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Figure 3.9 J,;, is plotted as a function of Ve for PTB7-Th: PC7:0BM OSCs were measured at 1
sun illumination. (a) and (b) correspond to different Ve ranges.
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To gain further insight into charge collection efficiency, Jon (Jiight-Jaark) Was studied as a
function of Vesr. Vefris given by Vo- Vappiied, Where V,, is the voltage at which Jpn becomes zero.
The log-log plot of Jon vs. Vefr is shown in Figure 3.9a. Higher J,n is obtained for low-EF(-)
devices even at very low Vs range. This points towards better charge extraction of separated
charge carriers in the active layer. For all the devices, Jpn saturates at around Vefr of 0.4 V. At
high Vefr, all the generated e-h pairs are assumed to be dissociated and collected at the

respective electrodes.
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Figure 3.10 Charge Collection efficiency of EFTA treated and control PTB7-Th: PCBM

OSCs were measured at 1 sun illumination.

Saturation Jpn (Jsat) reflects the total generated charge carriers i.e., interface area between donor
and acceptor domains which acts as charge generation sites, is shown in Figure 3.9b. UA films
have the highest Jsat reflecting maximum interface area because of the finer intermixing of
donor and acceptor components in the active layer. Thermal annealing reduces the interface
area between the components owing to the temperature-driven phase separation. High-EF(-)
films also have a large interface area between the components since PC70BM comes to the top
of the film with EF(-) treatment. EF(+) treatment reduces the interface area between the
components more than the control TA devices by gathering PC70BM at the bottom of the active
layer. Hence, high-EF(+) devices show the lowest Jsa values. Jpn/Jsat gives the charge collection
efficiency of the solar cells devices and is plotted in Figure 3.10. Charge collection at lower
Veir is limited because of higher bimolecular recombination of separated charge carriers for all
the devices. The charge collection efficiencies plotted also reflect the better optimized

morphology of low-EF(-) devices when compared to other devices.
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3.2.5 Electron mobility studies

EFTA treatment-induced vertical phase segregation in the active layer was further studied by
SCLC electron mobility studies. Electron-only devices were fabricated with the following
architecture ITO/ZnO (40 nm)/BHJ/ Al (100 nm). After EFTA (or TA) treatment of the BHJ
film spin-coated on ZnO, the devices (electrode area ~ 7 mm?) were completed by thermal
evaporation of 100 nm of Al at a base pressure of 10 mbar. J-V characteristics obtained for
these devices in dark conditions exhibited space charge behaviour over a wide range and was

fitted with the Mott-Gurney equation.

9 V2
J= g€le3 (3.2)
Here, ¢ is permittivity of the active layer; L. is electron mobility of the charge carriers in the
active layer and d is the thickness of the film respectively. e obtained from several devices

(>10 devices for each case) for PTB7-Th: PC70BM BHIJ system, as a function of EFTA

treatment, is shown in Table 3.4.

Low-EF(-) treated devices exhibit higher p when compared with other control and EFTA
treated devices. This higher L. in the BHJ blends points towards better percolation pathways
for electrons and enhanced ordering of PC70BM molecules with low-EF(-) treatment. High-EF
(+) and TA treatment leads to higher aggregation of PC70BM at the bottom of the film, while
High-EF(-) treatment increases fullerene fraction at the top of the film. The segregation of
PC70BM molecules at either film boundaries limits percolation pathways for charge carriers

and hence reduces bulk pe.'® !

Table 3.4 Electron mobility obtained from PTB7-Th: PC7BM BHJ devices in electron-only
device architecture. Low-EF and high-EF refer to EFTA treated devices with EF strengths of
3.3 x 10° V/em, and 8.3 x 10° V/em, respectively. EF(+) and EF(-) correspond to positive and

negative directions of polarity maintained during EFTA treatment, respectively.

Electron mobility (cm?/Vs)

UA 8.02+0.21x10
TA 6.14+0.32x10°
low-EF (+) 4.03+0.27%10°
high-EF (+) 2.76+£0.34x10°
low-EF (-) 1.2240.16x10
high-EF (-) 2.57+0.19x10*
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3.2.6 Photocurrent noise measurement
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Figure 3.11 Schematic of the photocurrent noise measurements.

The reduction in charge transport barriers for low-EF(-) treated solar cell devices were further
studied by photocurrent noise studies. Schematic of photocurrent noise measurement is shown
in Figure 3.11. Fluctuations of photocurrent around a mean value for a constant steady light
source will give insights regarding various processes occurring in the active layer, like charge
generation, charge transport, and charge collection.?>* The fluctuations in photocurrent of a
semiconductor are well described by Hooge’s model.
SO =% (3:4)

Where Si(f) is the current fluctuation, f is the frequency, N is the carrier concentration, and on
is the Hooge’s parameter. The photocurrent noise fluctuations could be either due to
fluctuations in carrier concentration or fluctuations in carrier mobility. Hooge’s model is more

suited to explain photocurrent fluctuations arising from fluctuations in mobility.

It is a common practice to visualize photocurrent noise spectra as power spectral density (PSD).
Time series data of the photocurrent fluctuations are initially obtained from the device exposed
to a steady-state light source. PSD is the power or variance distributed in the frequency domain.
Mathematically, it is defined as the Fourier transform of the autocorrelation function. The
autocorrelation function can be used for 1) detecting non-randomness in data, ii) identifying an
appropriate time series model if the data is not random. For measurements x;, x>, ..., xy at time

t1, b, ..., tv the lag k autocorrelation function is defined as

r (3.5)

k= 2i(xi—*mean)(*i+k—*mean)

2
Ti(xi—*mean)
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Herei=1, 2, ..., N. The PSD is given by

S(f) = [ ree >k dk (3.6)
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Figure 3.12 Photocurrent noise spectra (arrived from time-series measurements using
dynamic signal analyser ~10" samples/s for 40 s, under steady-state dc light levels of ~ 10
mW/cm?) at 300 K of EF treated and control devices of PTB7-Th: PC7BM. Dark background
signal was < 107° A2/Hz for these devices.

Information obtained from the photocurrent noise technique, pioneered in our laboratory have
been used for understanding charge transport and stability in BHJ solar cells and perovskite
solar cells. This sensitive technique was used to examine EFTA treated BHJ solar cells.
Typical photocurrent noise spectra obtained for control and EFTA treated devices are shown
in Figure 3.12. Main results from the photocurrent noise measurements are summarized in

Table 3.5.

The NPSD of all the devices shows typical 1/f' behaviour. The parameter y and the frequency
range over which the 1/f* behaviour have been correlated to microscopic parameters in the
active layer of the solar cell. Typical values of y ~1.2 are obtained for all the devices, usually
obtained for organic BHJ solar cells. UA, TA, high-EF(+) and high-EF(-) devices show higher
NPSD. Comparing NPSD values of control and EFTA treated devices at ® = 2 Hz, it was
observed that Low-EF(-) treated devices (2.6 x 10"'> Hz!) have values three orders lesser than
the control UA devices (6.6 x 10> Hz'"). The lower intensity of NPSD for the low-EF(-) treated
devices show that there is a reduced barrier for charge transport and better stability in the active

layer.
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Table 3.5 Normalized PSD values of various devices at 2 Hz and the frequency exponent
calculated by fitting to Hooge’s model.

S,/I* Hz' (at 2 Hz) Y
UA 6.63 x 1072 1.24
TA 1.08 x 101! 1.15
low-EF (+) 1.08 x 102 1.21
high-EF (+) 1.3x 10 1.26
low-EF (-) 2.6x 101 1.17
high-EF (-) 3.15x 107" 1.05

3.2.7 Stability studies

The long-term stability of solar cells was studied by degradation measurements. The devices
were stored in dark and ambient conditions, without encapsulation after the first device
characterization. J-V characteristics under 1sun illumination are studied at regular intervals of
time. The normalized solar cell parameters as a function of aging time, obtained for UA, TA,
and low-EF(-) treated devices are shown in Figure 3.13. For the control devices, it can be seen
that all the solar cell parameters reduce drastically with aging time. PCE of these devices
reduces to less than 10% of its initial value in the first 250 hours of study. While TA and low-
EF(-) treated devices maintain close to 75% of its maximum efficiency in the first 260 hours
of the degradation study. This stability of TA and EFTA treated devices is attributed to the
removal of the additive DIO during the thermal annealing treatment. It should be noted that

low-EF(-) devices have efficiencies higher than the control TA devices.

It is noticed that EFTA treatment serves as an external control parameter to tailor a vertical
phase separation of active layer components in the amorphous donor BHJ film, and can
compensate the effects of thermal annealing treatment and additive treatment. This was shown
using a comprehensive analysis carried out during GIWAXS measurements and water contact
angle measurements. By careful optimization, EFTA treated devices were shown to have
efficiencies higher than thermally annealed devices. Series of studies were carried out to
explore the increase in device performance with EFTA treatment. The results from these
studies point towards optimized vertical phase segregation in the active layer due to the EFTA
treatment. This leads to better percolation pathways for separated charge carriers and reduced
bimolecular recombination in the blend film. Removal of DIO additive during thermal
treatment has led to more stable devices. TA and EFTA treated devices retained close to 75%

of its maximum efficiency over a period of 250 hours, while the efficiency of initially high

68



Chapter 3

performing untreated control devices dropped to 10% of its maximum efficiency. EFTA
treatment allows the fabrication of stable solar cells where efficiency loss due to thermal

treatment is sufficiently overcome.
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Figure 3.13. Normalized Solar cell parameters of PTB7-Th: PC70BM OSCs are shown as a
function of aging time () in hours. Devices were stored in dark and ambient conditions without

encapsulation, after the first measurement.
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3.3 Summary

Control EF (+) EF (-)

Figure 3.14 Schematic shows how EFTA treatment, depending on the direction of the electric

Aging

field applied during the treatment, is able to control vertical phase segregation in the active
layer. Blue circles correspond to PC70BM aggregates, and green wiggly lines correspond to
PTB7-Th polymer. For the untreated control UA films, aging increases PC70BM domain sizes.
For the thermally treated films, the morphology remains consistent over time. EF(+) treatment

(EF(-) treatment) increases PC70BM segregation to the bottom (top) of the active layer film.

EFTA treatment has shown to be effective in controlling the morphology of amorphous donor-
based BHJ system of PTB7-Th: PC70BM. By tuning the EFTA treatment parameters, solar cells
more efficient than corresponding thermally annealed devices and more stable than control
untreated devices were fabricated. Typical schematic of morphology control of the active layer

with EFTA treatment is shown in Figure 3.14.
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Electric Field Assisted Thermal Annealing (EFTA)
Treatment of Small Molecule Donor-Based and Non-

Fullerene Acceptor-Based Solar Cells
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There is a recent surge in efficiencies of organic solar cells with the replacement of fullerene-
based acceptors by non-fullerene-based acceptors. ! This improvement is primarily due to
reduced V. losses in these BHJ systems and improved range of absorption. It is expected that
the non-spherical symmetry offered by these acceptor molecules may be suited for electric
field-assisted thermal annealing (EFTA) procedure. This treatment may be able to control the
morphology of these new BHJ systems and in the process, improve the efficiencies beyond the

current values.

In the earlier chapters, it was assumed that long-chain polymers do not directly respond to
EFTA treatment due to the conformational constraints. The vertical phase segregation due to
EFTA treatment is expected to be due to subtle changes introduced in the active layer. Studying
EFTA treatment by replacing long-chain polymer donors with a small-molecule donor can help

us in understanding the universality of the EFTA treatment.
Hence, in this chapter, EFTA treatment studies of two types of systems are studied:

1) Polymer donor: non-fullerene acceptor based BHJ system

i1) Small molecule donor: fullerene acceptor based BHJ system
4.1 Active layer components

The polymer donor and non-fullerene acceptor system chosen was PBDB-T-based polymers
and ITIC-based small molecules. The small molecule donor chosen for EFTA treatment with

PC70BM acceptor was SA48.

Figure 4.1 Molecular structures of PBDBT and ITIC molecules.
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Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[ 1,2-b:4,5-b’ |dithiophene))-alt-(5,5-
(1°,3’-di-2-thienyl-5°,7’-bis(2-ethylhexyl)benzo[1°,2’-c:4’,5’-c’]dithiophene-4,8-dione) ]
(PBDB-T) is one of the high performing polymer donor.*® It has HOMO and LUMO levels of
-5.33 eV and -2.92 eV respectively. Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-
yl)-benzo[1,2-b:4,5-b’[dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5°,7’-bis(2-
ethylhexyl)benzo[1°,2°-c:4’,5’-¢’]dithiophene-4,8-dione)] (PBDBT-2Cl) is chlorinated
derivative of donor polymer molecule PBDBT.” It has HOMO and LUMO levels of -5.52 eV
and -3.57 eV respectively. This class of polymer donors are routinely used in conjugation with

non-fullerene acceptor molecules.

3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-indaceno[ 1,2-b:5,6-b’|dithiophene (ITIC) 1is high
efficient non-fullerene molecule with strong absorption characteristics from visible to infrared
spectra.!®!2 HOMO and LUMO levels of this molecule are -5.48 eV and -3.83 eV respectively.
It was the first small molecule to outperform fullerene acceptors in solar cell device efficiency.
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3°-d’]-s-indaceno[ 1,2-b:5,6-b’|dithiophene (IT-4F)
is a fluorinated derivative of ITIC acceptor molecule.”> HOMO and LUMO levels of this
molecule are -5.66 eV and -4.14 eV respectively. These acceptor molecules have also been

found to be more stable than fullerene-based acceptors.

Figure 4.2 Molecular structure of SA48 molecule.
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Solar cells with PBDB-T as donor and ITIC as acceptor have obtained efficiencies as high as
11% and shown high thermal stability.’> Solar cells with PBDBT-2CI as donor and IT4F as
acceptor have reached efficiencies as high as 14%.° Molecular structures of PBDB-T and ITIC

molecules are shown in Figure 4.1.

The small molecule donor chosen was tris{4-[5’-(1,1,-dicyanoprop-1-en-2-yl)-2,2’-bithien-5-
yl]-2-methoxyphenyl} amine (SA48) molecule . SA48 donor small molecule was obtained
from Prof. Sergei Ponomorenko’s lab at Enikolopov Institute of Synthetic Polymeric Materials,
Moscow. SA48 molecule (Figure 4.2) is one among the class of star-shaped donor molecules
with triphenylamine donor core, with thiophene conjugated spacers and dicyanovinyl acceptor
groups.'*!® They are usually low-bandgap molecules and are usually amorphous in the thin-
film state. Blending with PC70BM acceptor molecules, efficiencies as high as 5% have been

obtained for this class of donor molecules.
4.2 Dipole moment calculations

The dipole moment parameter captures the response of a molecule to an external electric field.
Molecules have the origin of dipole moments in the non-uniform distributions of positive and
negative charges on the various atoms. It has been reported that the dipole moment of the active
layer components is crucial in dictating charge separation, intermolecular interactions,

crystallization properties, and the blended microscopic morphology.!® 2

Dipole axis

Dipole axis

SA48
6.7 Debye

1.4 Debye

Figure 4.3 Dipole moments and dipole axis obtained for PC70BM, SA48, and ITIC molecules
through DFT calculations.

Dipole moment calculations were carried out using Density Functional Theory (DFT). The
calculations were carried out by Dr. Ayan Dutta’s group at Indian Association for the

Cultivation Of Science, Kolkatta. B3LYP functional and 6-31 G(d,p) basis set was used for the
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DFT calculations.?!: 2> For ground state optimization, B3LYP is the most robust functional for
structure-property correlations. 6-31 G(d,p) describe the Gaussian basis set used to construct
the atomic orbitals for computation. These are calculations in the gas phase, and the electric
field magnitude used in these simulations are several orders higher in magnitude than used in

experimental conditions.

The obtained dipole moments and the dipole axis of these small molecules are shown in Figure
4.3. From the results, it is clear that it is the small molecule donor SA48 has a higher dipole
moment (6.7 Debye) than PC70BM molecule (5.0 Debye), whereas NFA molecule (ITIC) has

the smallest dipole moment (1.4 Debye) among the three molecules studied.

EFTA treatment was carried out on both the BHJ systems as discussed in the earlier chapters,
with the temperature of annealing as 140 °C maintained for 10 minutes. EF strength maintained
was 8.3x10° V/em. EF(+) treatment implies the positive terminal of the voltage source was
connected to the bottom electrode and the top electrode was left grounded during EFTA
treatment. EF(-) treatment implies the positive terminal of the voltage source was connected to
the top electrode and the bottom electrode was left grounded during EFTA treatment. TA

corresponds to the thermally annealed control devices.

4.3 EFTA treatment of polymer donor: non-fullerene acceptor based BHJ

system

BHIJ blend solutions were fabricated with the donor: acceptor in the ratio 1:1 with 10 mg/ml
polymer concentration, in chlorobenzene solvent with 0.5% di-iodo-octane (DIO) additive. The
blend solution was kept stirring at 55 °C for more than 8 hours. It was spin-coated on substrates
when the solution was at room temperature, at 1000 rpm for 60 seconds in inert conditions.
ITO- substrates and ZnO-coated ITO substrates were used depending on the requirement, with

the latter case for the fabrication of inverted solar cells.
4.3.1 Absorbance studies

The normalized absorption spectra of PBDBT: ITIC thin films are shown in Figure 4.4. The
resultant spectra obtained from the blend film is due to the overlapping spectra of both the
polymer and small molecule. The peak at 610 nm is due to the main peak of PBDBT polymer
and shoulder peak of ITIC small molecule. The peak at 670 nm is solely due to ITIC molecule.
It was verified by pristine ITIC films and is in agreement with reported value.?® It was observed

that the absorption spectra did not vary with EFTA treatment. Spectra obtained for EFTA
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treated thin films and control thin films revealed an almost complete overlap of the spectral

response in the entire wavelength range.
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Figure 4.4 Normalized absorption spectra of control and EFTA treated PBDBT: ITIC blend
films. The thickness of the films was ~ 150 nm. All the films were coated on ITO substrates for
absorption studies. TA indicates Thermally annealed BHJ films. EF(+) and EF(-) indicates
EFTA treated BHJ in positive and negative directions, respectively (EF strength = 8.3 x 1(P
V/em).Absorption studies of thin films were carried out using Perkin Elmer UV/Vis/NIR

Lambda 750 Spectrometer.

4.3.2. Water contact angle measurements

Figure 4.5 Representative images of water contact angle measurements on thin films of a)
PBDBT (pristine) b) ITIC (pristine) c) Control TA (BHJ Blend) d) EF(+) (BHJ Blend) e) EF(-
) (BHJ Blend). TA corresponds to thermally annealed control samples, respectively. EF(+) and
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EF(-) refers to EFTA treated samples in positive and negative directions, respectively (EF
strength=38.3 x 10° V/cm).

Water contact angles were measured for pristine films, control, and EFTA treated BHJ films
to obtain more information about the top of the film. Contact angles (6.) were obtained from
measurements at different locations on the sample films and averaged. Typical water contact
images obtained and the averaged contact values obtained for all the cases are shown in Figure
4.5. Pristine donor polymer surface (6.~ 104.34°) was found to be relatively more hydrophobic
than pristine acceptor surface (6. = 85.90°). Irrespective of TA or EFTA treatments, all the
blend films showed 0. close to 100°. Using the Cassie-Baxter equation (eq (3.1)),>* %° the
polymer donor fraction on the top surface was found to be = 80%, for all the blend films,
indicating a donor-rich top surface. It was observed that EFTA treatment does not bring any

discernible change to the donor fraction at the air-BHJ interface.

Figure 4.6 Typical topography and phase AFM images (1.5 um x 1.5 um) of PBDBT: ITIC
BHJ thin films. TA corresponds to thermally annealed films. EF(+) and EF(-) corresponds to
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EFTA treated films with positive and negative directions of polarity, respectively. EF strength
~8.3x10° V/em. Experimental setup is described in the caption of Figure 2.6.

4.3.3 Atomic force microscopy (AFM) imaging

The air-BHJ interface of control and EFTA treated PBDBT: ITIC films were examined by
AFM. Typical topography and phase images of 10 um x 10 um of the BHJ films are shown in
Figure 4.6. The topography and phase images indicate needle-like features. No apparent change
in the surface morphology with EFTA treatment was observed. The roughnessgms of the AFM

images which was found to be close to 7 nm, remained independent on the EFTA treatment.

4.3.4 Solar cell characteristics

Current density (mA/cm?)

02 0.0 0.2 04 0.6
Voltage (V)

Figure 4.7 Typical J-V characteristics of PBDBT-CI: IT4F BHJ solar cells under 1 sun light
illumination. TA corresponds to thermally annealed control devices. EF(+) and EF(-)
corresponds to EFTA treated devices with positive and negative directions of polarity,
respectively. EF strength ~ 8.3x10° V/cm. Experimental setup is described in the caption of
Figure 2.8.

Solar cells were fabricated after the EFTA treatment was carried out on the active layer. Solar
cells were fabricated in inverted-device architecture (ITO/ZnO (40nm) /BHJ/MoOx (10
nm)/Ag (100 nm)). Donor: Acceptor system of PBDBT-2CI and IT-4F were used for this study
as it was relatively more efficient than PBDBT: ITIC BHJ system. Typical J-V characteristics
under 1 sun illumination and solar cell parameters obtained from a large set of solar cells (> 10
devices for each case) are shown in Figure 4.7 and Table 4.1, respectively, as a function of
EFTA treatment. This specific BHJ systems based on these components have been reported to

exhibit efficiencies as high as 14%. These values were not observed in our studies. It should
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be noted that the devices fabricated were not optimized for all the processing parameters. Since
the objective of these studies was to see if this system responds to EFTA treatment, a
standardized set of control devices which were reproducible consistently were used for the
studies. However, no discernible change in device performance with respect to the EFTA
treatment was observed. Similar results and trends were obtained for the solar cell fabricated

from BHJ system of PBDBT: ITIC.

Table 4.1 Typical solar cell parameters obtained for PBDBT-2CI: IT4F solar cells under 1 sun
illumination. TA corresponds to the thermally annealed control device. EF(+) and EF(-)
correspond to EFTA treated devices, with positive and negative directions of polarity

maintained during the treatment, respectively. EF strength ~8.3 x 10° V/cm.

Voe (V) Jsc (mA/cm?) Fill Factor (%) Efficiency (%)
TA 0.66x0.02 15.85+0.26 55.68+0.54 5.85+0.35
EF(+) 0.66+0.00 15.05+0.16 57.39+0.17 5.69+0.07
EF(-) 0.65+0.01 15.574+0.09 55.27+1.26 5.57+0.21

Based on the extensive set of devices fabricated and studied it can be concluded from these
studies that the BHJ system of PBDBT-based polymers and ITIC-based acceptors does not
show any response to the EFTA treatment (at least for the range of standard processing
parameters used for fabrication). The study on this class of BHJ systems shows that EFTA
treatment may not always be effective. The absence of change in morphology of active layer
films with EFTA is also consistent with the trends in the device performance. To further
explore different ranges and dependencies of EFTA treatment, studies were extended to BHJ

system of small molecule donor and fullerene acceptors.

4.4 EFTA treatment of small-molecule donor: fullerene acceptor- based BHJ

system

BHJ blend solutions were fabricated with the donor: acceptor in the ratio 1:2 with
dichlorobenzene solvent with 4% di-iodo-octane (DIO) additive. The 24 mg/ml solution was
kept stirring at 55 °C for more than 8 hours. It was spin-coated on substrates when the solution

was at room temperature, at 700 rpm for 60 seconds in inert conditions. The solution was spin-
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coated on ITO- substrates for thin-film studies and ZnO-coated ITO substrates for solar cells

studies.
4.4.1 Absorbance studies

From the normalized absorption spectra (Figure 4.8), it can be seen that there is no significant
change with respect to EFTA treatment when compared to control samples of thermally
annealed films (TA). The spectra in the visible region are mainly dominated by the SA48 small
molecule. SA48 molecule has shown to be amorphous in thin films blended with PC70BM. It
can be inferred that SA48 packing does not alter with EFTA treatment.

Normalized Absorbance (A.U.)

400 s00 600 700 80O
Wavelength (nm}
Figure 4.8 Normalized absorption spectra of control and EFTA treated SA48: PC70BM blend
films. The thickness of the films was ~ 150 nm. All the films were coated on ITO substrates for
absorption studies. TA indicates Thermally annealed BHJ films. EF(+) and EF(-) indicates
EFTA treated BHJ in positive and negative directions, respectively (EF strength =8.3 x 1(°

V/em).Absorption studies of thin films were carried out using Perkin Elmer UV/Vis/NIR
Lambda 750 Spectrometer.

4.4.2 Surface characterization

Water contact measurements were carried out to investigate the air-BHJ interface of the active
films. The water contact angles of the pristine films of SA48 and PC70BM (shown in Figure
4.9) and the corresponding blend films yielded similar contact angles. Hence, water contact
angle measurements could be used to track the variation in the donor fraction with EFTA

treatment.
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Figure 4.9 Representative images of water contact angle measurements on thin films of a)

SA48 (pristine) b) PC70BM (pristine).

Topography

EF+

EF-

Figure 4.10 Typical topography and phase AFM images (1.5 pum x 1.5 um) of SA48: PC70BM
BHJ thin films. TA corresponds to thermally annealed control devices. EF(+) and EF(-)
corresponds to EFTA treated devices with positive and negative directions of polarity,
respectively. EF strength ~ 8.3 x 10° V/cm. Experimental setup is described in the caption of
Figure 2.6.

86



Chapter 4

AFM images of the BHJ films provide insight into the morphological variations introduced by
the EFTA treatment. Typical Topography and Phase images (1.5 um x 1.5 um) of BHJ films
for control and EFTA treated devices is shown in Figure 4.10. For EF(-) treatment, features of
PC70BM -type aggregation towards the film surface can be observed. It is then inferred that
this response is similar to the ones obtained in earlier chapters where PC70BM redistributes
towards the top of the film with EF(-) treatment and PC70BM moves to the BHJ-ZnO interface
with EF(+) treatment. It is not clear if there is a competition between donor and acceptor
molecules in responding to EFTA results. Results indicate that clearly reorganization of the

PC70BM distribution in the active layer due to the electric field during the treatment.

From the AFM studies, it can be inferred that the response to EFTA treatment is mainly because
of the PC70BM redistribution in the active layer. Also, it is expected that by careful tuning of

the process parameters, improved efficiency numbers can be obtained in these systems.

4.4.3 Solar cell characteristics

Current density (mAfem?)

v EF(-) 7

-
B
L~
L

02 0.0 0:2 OT4 Ol.6 0.8
Voltage (V)

Figure 4.11 Typical J-V characteristics of SA48: PC7oBM BHJ solar cells under 1sun light
illumination. UA and TA correspond to untreated and thermally annealed control devices.
EF(+) and EF(-) corresponds to EFTA treated devices with positive and negative directions of
polarity, respectively. EF strength ~ 8.3x10° V/cm. Experimental setup is described in the
caption of Figure 2.8.

Solar cells were fabricated (as mentioned in chapter 2) in inverted-device architecture
(ITO/ZnO (40nm) /BHI/MoOx (10 nm)/Ag (100 nm)). Typical solar cell characteristics under
1 sun illumination are shown in Figure 4.11. Solar cell parameters obtained from a large set of

devices (> 10 devices for each case) are shown in Table 4.2.
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The data indicates there is a strong dependence on EFTA treatment on the solar cell parameters.
EF(-) treatment is shown to increase device performance when compared to TA devices. Voc
increases from ~ 0.7 V to = 0.74 V, while Js. increases from ~ 4.22 mA/cm? to = 5.26 mA/cm?.
However, there is a slight reduction in FF for EF(-) treated devices when compared to TA
devices. EF(+) treatment reduces device efficiencies with respect to TA devices with a

considerable reduction in all the solar cell parameters

Table 4.2 Typical solar cell parameters of SA48: PC70BM solar cells under 1 sun illumination.
TA corresponds to the thermally annealed control device. EF(+) and EF(-) correspond to
EFTA treated devices, with positive and negative directions of polarity maintained during the

treatment, respectively. EF strength ~8.3 x 10° V/cm.

Voe (V) Jsc (mA/cm?) Fill Factor (%) Efficiency (%)
TA 0.7£0.01 4.22+0.23 36.07+0.45 1.07+0.08
EF(+) 0.63+0.01 2.86+0.90 30.47+0.76 0.56+0.19
EF(-) 0.74+0.01 5.26+0.32 34.71+0.79 1.36+0.13

4.4.4 Dependence of solvent on EFTA treatment of SA48: PC70BM solar cells

To understand the origin of the apparent response of PC70BM molecule to EFTA treatment,
studies were carried out by varying the solvent used in the fabrication of BHJ solutions of
SA48: PC70BM. Earlier studies were carried out with dichlorobenzene (DCB) with 4% di-iodo-
octane (DIO) as the solvent. BHJ solutions were fabricated without additive in dichlorobenzene
and chlorobenzene (CB), respectively. The boiling points of the solvents used in the fabrication
are in the order CB (131 °C) < DIO (168 °C) < DCB (180 °C) respectively. The vapour
pressures of the solvents are in the order DIO (0.04 Pa) < DCB (133 Pa) < CB (1200 Pa)
respectively. Summary of the normalized solar cell efficiencies of the solar cell as a function

of EFTA treatment for different solvents is shown in Figure 4.12.

From the results, it is clear that the response of the BHJ films to EFTA treatment is limited to
the case in which DCB+ DIO was used as the solvent. It can be observed that the presence of

DIO brings in a drastic enhancement in the response of the active layer to the EFTA treatment.

It has been shown earlier that DIO selectively dissolves PC70BM molecules.?® DIO also stays

longer in the solvent phase due to its low vapour pressure. It is inferred that this measure results
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in PC70BM molecules to dwell longer in the solvent phase after the film formation. Staying
longer in the solvent phase provides a larger degree of response upon applying the external
electric field during EFTA treatment and arrive at a reorganized distribution with a preference
towards a top-half or bottom-half of the active layer film. This feature of the vertical
distribution depends on the polarity of the EF applied during the treatment.

Solvent Dependence

1.4

1.2

0.
0.
0.
0.
0
CB DCB

DCB+ 4% DIO

Normalized Efficiency

N

BEF(+) WMTA MEF(-)

Figure 4.12 Power conversion efficiencies of SA48: PC70BM solar cells obtained under 1 sun
illumination with different solvent conditions, Chlorobenzene (CB), Dichlorobenzene (DCB),
Dichlorobenzene + 4% Diiodooctane (DCB +4% DIO). TA corresponds to the thermally
annealed control device. EF(+) and EF(-) correspond to EFTA treated devices, with positive
and negative directions of polarity maintained during the treatment, respectively. EF strength
~ 8.3 x 10° V/em. Efficiencies obtained have been normalized with efficiency obtained at TA

conditions for each solvent case.

It should be mentioned that in order to generalize this EFTA induced structural reorganization
observed in solution-processed films of the small molecule donor (SA48)-fullerene system, a
larger range of small molecule donor studies need to be carried out. However, this trend of
SA48 systems is similar to that observed in macromolecule-donor: PC70BM systems. The
EFTA-polarity dependent effect of PC70BM based BHJs (with small-molecule SA48 donor or
macromolecular P3HT/PTB7) with the presence of additive-DIO are however not observed in

non-fullerene based BHJs. This is indeed interesting and points to the importance of secondary
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factors such as acceptor molecular diffusivity and aggregation promoting parameters to arrive

at a final microstructure.

Extensive studies of EFTA treatment involving many different combinations of active layer
components, selective solubilities, additives can justify this processing procedure in the
fabrication of efficient OSCs. Further, EFTA treatment on ternary BHJ solar cells (two donors
and one acceptor or one donor and two acceptors) involving both non-fullerene acceptor and
fullerene acceptor can be expected to improve the device efficiencies even higher. Solvents
with higher boiling point and lower saturated vapour pressure may benefit in improving the

response of molecules to EFTA treatment.
4.5 Summary

Studies of molecular systems like ITIC in BHJ as an acceptor did not exhibit clear trends to
EFTA treatment. The device results were in agreement with surface imaging observation

indicating the absence of any significant changes to the morphology.

Studies of BHJ with small-molecule donor (SA48) systems indicates PC70BM reorganization
upon EFTA treatment. The effect of PC70BM, which selectively dissolves upon introduction
of additive-DIO, leads to EFTA effects which are dependent on the polarity. This trend is

similar to that observed in macromolecule-donor: PC70BM systems.

It was not possible to correlate these results to the dipole moment estimates of these molecules
calculated using DFT (in the gas phase, and high electric field magnitude). The dipole moment
of the SA48 molecule in these estimates was higher than that of PC70BM molecule. These

results are indicative of the importance of secondary factors in EFTA treatment.
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Organic Ferroelectric Memristors (OFMs) and Electric
Field Assisted Thermal Annealing (EFTA) Treatment of

Organic Ferroelectric Memristors
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This chapter deals with the application of electric-field assisted thermal annealing (EFTA)
treatment on binary mixtures consisting of ferroelectric polymer with dilute levels of a
semiconducting polymer. The films obtained from the blend solutions of these components
reveal memory resistor switching properties. The effectiveness of EFTA in optimising organic

ferroelectric memristors is described in this chapter.
5.1 Memristor

Memristor is the amalgamation of the terms ‘memory’ and ‘resistor’. It is a non-linear passive
two-terminal electrical component. Along with resistor, capacitor and inductor, the memristor

is now increasingly accepted as a basic circuit element.!

Memory-devices consisting of
memory-cell elements which store data and information are integral to any basic computing
and storage product. Each memory cell at a fundamental level differentiates between two states,

retains them for long periods and retrieves them when the need arises.

Memristor is a type of memory device in which memory is stored as two different resistance
states of the device, low resistance state and high resistance states. The low resistance state
(LRS) and high resistance state (HRS) acts as ON and OFF states of the memory, respectively.
ON-OFF ratio of a memristor is given by the ratio between the current in the ON-state to the

current in OFF-state.?

Memristors devices can be obtained from a different variety of systems and phenomena. A
common feature in these different approaches is the availability of two resistance

(conductance) states for a given external voltage. Some of them are mentioned below:

Conductive filament(s) based devices*
Redox based-devices®
Phase change-based devices’

Magnetic tunnel junction-based devices®

A e

Organic ferroelectric material-based devices
5.2 Organic ferroelectric memristor (OFM)

5.2.1 Active layer

Ferroelectric organic memristors are a branch of memristors in which the active layer is a blend

of ferroelectric (FE) polymer and semiconducting (SC) polymer sandwiched between two

9

electrodes.® Ferroelectric polymers are a class of crystalline polar polymers that
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exhibit ferroelectricity, implying that they maintain a permanent electric polarization that can
be reversed, or switched, by an external bias. Polyvinylidene fluoride (PVDF) and its
copolymers are class of dielectrics which has been explored for its ferroelectric functionalities

and are known to exhibit polymorphism.

The possibility of dispersing small fraction of semiconducting polymers and small molecules
in this matrix opens up a platform to address important problems involving the molecular
organization in confined volume. When dilute levels of SC are cast in host FE polymer matrix,
the SC is likely to be confined in the amorphous phase. Earlier results from our laboratory of
small-molecule fluorescent chromophores in the FE matrix revealed emission characteristics
suggesting different forms of the aggregation within the confined matrix.!° The simultaneous
combination of confined space and local electric-field effects originating from the crystalline
phase of the FE matrix provides a valuable control of the electrical transport via the

semiconductor fraction.

Blend films of FE and SC polymers have shown to yield completely phase-separated SC
domains embedded in the matrix of FE polymer.!! Studies of composition variation by

changing the FE: SC ratio indicated:'!

1. Domain sizes of SC polymer regions increased linearly with increasing fraction of SC
polymer

1.  The number of SC domains decreases almost linearly with the reciprocal SC content

These observations indicated the phase separation of the active layer is spinodal
decomposition-driven rather than nucleation-driven. The substrate on which blend film is cast

is shown to have only a negligible role in dictating the phase separation of the components.

The built-in electric field of the FE matrix can be used to modulate the electronic transport of
the dispersed semiconductor. The net conduction between the top and bottom substrate
electrodes is largely through the network of SC polymer which forms vertical channels in the
FE matrix and is accompanied by barrier hopping and tunnelling mechanisms in the non-

semiconducting pathways.
5.2.2 Working of organic ferroelectric memristors

The blend composition is so chosen that the semiconducting polymer content is marginally
above the percolation threshold required to provide connectivity between the two electrodes.

The distribution of the semiconducting polymer should be such that physical barriers for
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contact with electrodes are absent. The work function level of the metal electrodes should
position with the energy levels of the SC to limit injection at the metal-SC interface. In the

absence of such ideal conditions, the transport can be dominated by injection limited

mechanisms.
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Figure 5.1 Working of a ferroelectric memristor suggested by Ref. [9] In the schematic, red
regions indicate SC polymer, and blue regions indicate the FE polymer matrix. Yellow

indicates metal electrodes.

The polarization state of the FE matrix has been shown to increase the injection of charge
carriers into the SC regions from the electrode. The exact mechanism of how the polarization
state influences the charge injection is debatable. It has been suggested that polarization of FE
matrix-induced band bending of the SC at the metal interface. When the FE matrix is poled
such that electrons get accumulated close to the electrode, holes will accumulate in the SC
phase at the electrode interface. The stray field from the FE matrix and the resultant
accumulated charges in the SC material gives rise to bend bending of SC energy levels at the
metal electrode.” '? This allows tunnelling injection of charge carriers from the metal into the
SC regions, thereby increasing the current density.!* This high conduction state acts as the low
resistance state (LRS) of the memristor device, defined as the ON-state. The device can be
switched to the OFF state by changing the direction of polarisation of the FE polymer, which
will bring in charge carriers of the opposite type at the interface, which will increase the
injection barrier. The polarization state of the FE polymer matrix for this scenario then controls

the conduction state of the SC polymer channels. A simplistic schematic to depicting a situation
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when the FE matrix is polarised with field strength above its coercive field is shown in Figure

5.1.

srent (2A)
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Figure 5.2 Conductive-AFM images (10 x 10 um?) of a FSBT/P(VDF-TrFE) (9:1 w/w) blend
on Au. (a) Topography (total vertical scale of 110 nm). (b) Corresponding current map taken
with C-AFM at +15 V applied bias to the bottom electrode (120 pA). (c) Line sections over

three (labelled with coloured arrows) conductive domains indicated in panel b. (Reproduced

with permission from Ref. [14])

It is to be noted in this picture that the band bending of the SC polymer only occurs in the
vicinity of the FE polymer where the influence of the electric field of FE polymer is
appreciable. This band bending leads to a situation where the periphery of the SC in close
proximity to the FE polymer only allows current in the ON state.!* Some aspects of this
speculation can be justified by CAFM measurements, where the conducting tip can be used to
identify semiconductor regions and also used to measure the current. This is evident in the
CAFM image shown in Figure 5.2. Line scan across CAFM image over conducting region

shows the current is maximum at the interface between SC polymer and FE polymer.
5.2.3 Limitations of organic ferroelectric memristors

A realistic model is far more complex. A wide range of length scales and issues from classical
models of polymer chain organisations to electronic interfaces come into play. The possibility
that SC channels in the FE matrix need not always form bridging-channels between the top and
bottom electrodes (for the present case of low volume SC fraction) is shown in Figure 5.3.
These SC regions in the FE matrix which do not form bridging-channels does not contribute to
the current through the device, limiting the maximum obtainable current.'> ' The current
during the ON-state decides the ON-OFF ratio of the device. The uncertainty arising out of the

statistical factors can be a bottleneck in scaling down these OFM devices.
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Figure 5.3 Schematic of a ferroelectric memristor adapted from Ref. [15]. In the schematic,
red regions indicate SC polymer, and blue regions indicate the FE polymer matrix. Yellow
indicates metal electrodes. It can be seen that not all the SC channels bridge bottom and top

electrodes.

Another factor that determines the current through the memristors is the size of the SC domains
at the electrode interface. Since band-bending and resultant switching in conduction states only
occur at the interface area between the SC and FE regions, the domain sizes of the SC at the
electrodes play a huge role in determining the maximum current. For maximum current through
the device, the domain sizes have to be small so that interface area between SC and FE materials
can be maximized (as shown in Figure 5.4). But there is a critical threshold (dcrit) of domain
sizes below which the current is no longer injected into SC material even in ON-state. This is
because when domain sizes are below dcrit, the stray field from the FE from the opposite ends
of SC domains cancel each other, which subsequently neutralises the band-bending of SC

polymer, and limits current injection.

+
++.|.'|-'I-

++++

Figure 5.4 Schematic of a ferroelectric memristor in ON-state with different dimensions of SC
channels. In the schematic, red regions indicate SC polymer, and blue regions indicate the FE

polymer matrix. Yellow indicates metal electrodes
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5.3 Morphology control of organic ferroelectric memristors (OFMs)

Several lithography inspired strategies have been attempted to control the morphology of OFM
films. ' ! In the work of Breemen et al., micro-contact printing was used to create regular
patterns of Self-Assembled membranes (SAM) on the bottom substrates before blend film is
cast. SAM was chosen such that PVDF-TrFE interacts more with it than the SC polymer, while
SAM has more adhesion towards the bottom substrate. This strategy allowed them to create
surface-directed growth of SC in the matrix of FE polymer.10-fold increase of the ON-current

and six-fold larger current modulation was obtained as a result of their treatment.

In the work of Sung, S. H et. al., electron-beam (e-beam) lithography was used to create regular
patterns in PVDF-TrFE film, which was then filled with P3HT polymer solution to create
ordered OFMs. Using this strategy, they were able to change the domain size of the SC regions
in this study. Ordered OFMs with SC regions of optimum domain sizes (= 400nm) were able
to give ON-OFF ratios (~ 10°) more than twice as higher than the corresponding conventional

OFMs (ON-OFF ratio ~ 500).

These strategies are limited by the resolution of the lithographic process (~um) and scaling up
of these strategies will be a challenging endeavour. The possibility of electric field-assisted
thermal annealing (EFTA) treatment to control the morphology and transport characteristics of

the composite film is explored in this chapter.
5.4 Fabrication of organic ferroelectric memristors

In our studies, Poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) is used as FE
material; Poly(3-hexylthiophene-2,5-diyl) (P3HT) and Poly(9,9-di-n-octylfluorenyl-2,7-diyl)
(PFO) is used as SC material.

5.4.1 PVDF-TrFE

PVDF-TrFE is a co-polymer of vinylidene fluoride and trifluroethylene obtained in the
monomer ratios of 70: 30. This is an insulating polymer and used as a dielectric in the
fabrication of organic capacitors, organic field-effect transistors (OFETs), sensors, etc. PVDF-
TrFE in thin-film form is a mixed-phase ferroelectric material with predominating crystalline
domains which are FE in nature. FE behaviour of PVDF-TrFE films is observed by
temperature-dependent Polarization-Electric field (P-E) responses. PVDF-TrFE in its
ferroelectric (FE) phase can hold a typical surface charge density of 10 puC/cm?.'® The dielectric
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constant of PVDF-TTFE increases with temperature till the Curie temperature (T. =125 °C) is
reached.'®??> When temperature T>T., the polymer chains undergo a structural rearrangement
from polar all-trans (B-phase) form to less polar alternating trans-gauche form (a-phase) along
with a reduction in the bulk dielectric constant. In this paraelectric phase (T > T¢), even though

the polarisation is absent, the polymer still retains its semi-crystallinity.
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Figure 5.5 Polarization obtained as a function of Electric Field for pristine PVDF-TrFE thin
films. The film was sandwiched between gold electrodes. The thickness of the film was around
350 nm. P-E measurement was carried out by using Precision Materials Analyzer, Radiant

Technologies.

P-E characteristics of thermally annealed PVDF-TtFE films sandwiched between gold
electrodes (100 nm) is shown in Figure 5.5. The hysteresis indicate the ferroelectric nature of
the PVDF-TrFE film. This is in good agreement with earlier reports from our laboratory.?
Ferroelectric property of the PVDF-TrFE thin films can also be captured in the Piezo Force
Microscopy (PFM) images, as shown in Figure 5.6. PFM amplitude (Figure 5.6a) is a measure

the amplitude of out-of-plane piezoelectricity in the vicinity of the surface.
5.4.2 Semiconducting Polymers
5.4.2.1 P3HT

P3HT (poly(3-hexylthiophene-2,5-diyl)) is a regio-regular semiconducting semi-crystalline
polymer whose repeating units are 3-hexyl-thiophene. It is a hole semiconducting polymer with
hole mobilities ~ 10* ¢cm?/Vs in bulk and 10"! cm?*/Vs in the FET architecture.?* The HOMO
and LUMO energy levels of the polymer is around -5.2 eV and -3.2 eV respectively. The band-
gap of the polymer is about 1.9-2 eV.
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315
deg

deg

Figure 5.6 a) Amplitude and b) phase of (5 um x 5 um) PFM images of pristine PVDF-TrFE
thin films. Peak-to-peak AC voltage of 12 Volts was applied during the scan. Experimental
setup is described in the caption of Figure 2.6. Budget sensor silicon AFM tips coated with
Chromium/Platinum with resonance frequency 13 kHz and force constant 0.2 N/m was used in

contact-mode for the study.
5.4.2.2 PFO

PFO (Poly(9,9-di-n-octylfluorenyl-2,7-diyl)) is a polyfluorene derivative used mainly as active
material in the organic light-emitting diodes (OLEDs). This molecule is also shown to have
liquid crystalline properties.”> PFO is also a hole semiconductor with hole mobilities close to
107 ¢cm?/Vs.?¢ The HOMO and LUMO levels of this polymer are around -5.8 eV and -2.6 eV

respectively.

PVDF-TrFE: P3HT memristors have achieved ON-OFF ratios of ~10?-10° with silver

electrodes and ~10% with gold electrodes.® ? Retentivity times of more than 10 days have been
obtained for these devices.?” PVDF-TrFE: PFO memristors have reached ON-OFF ratios of

10%-10° with gold electrodes with retentivity times of more than one week.* 2% %’

5.4.3 Fabrication of organic ferroelectric memristors

Initially, PVDF-TrFE and P3HT (or PFO) are taken in 3:1 solution of cyclohexanone and
tetrahydofuran in the ratio 9:1 in weight (total concentration of the solution is 50 mg/ml). The
solution is kept stirring overnight at 80 °C. Active layer solution is spin-coated on Aluminium
coated glass or Indium doped Tin Oxide coated glass (ITO) respectively, inside the glovebox.
Thermal annealing at 140 °C for 1 hour inside the glove box. Top electrode (Al (100nm)) was

then deposited using thermal deposition at 10 mbar base pressure to fabricate OFM.
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5.4.3.1 I-V characteristics

Typical I-V characteristics of a thermally treated OFM device is shown (in Figure 5.7). Unlike
the insulating nature of pristine PVDF-TRFE film, the composite device (10 % semiconducting
polymer fraction in PVDF-TRFE matrix) exhibited typical memristor characteristics. The scan
direction originates from -15V to +15V and retraces to -15V. (sweep rate = 0.5 V/s) It can be
clearly seen that depending on the direction of the voltage sweep; there exist two different
current states for a given voltage value. Consider, for example, the voltage -5V in Figure 5.7.
It can be observed that there is an HR-OFF state and LR-ON state, respectively. The current
states can be in-turn switched between ON and OFF states by applying +20V and -20V voltage
pulses respectively. It should be noted that the I(V) curves are dependent on the sweep rate.
However, the trends observed in Fig. 5.6 persisted even for the slowest sweep rate measured.

This attribute is also reflected in the time-dependent measurements.
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Figure 5.7 Typical I-V characteristics of a memristor (PVDF-TrFE: PFO) where the voltage
scan was from -20 V to +20 V and then back to -20 V. It can be seen that depending on the
direction of the scan; there exist two current states for the same voltage values. LR-ON state
and HR-ON state can be seen at -5V volts (indicated in vertical dashed red line). Current-

Voltage studies were carried out using Keithley 4200 Semiconductor Characterization system.
5.4.3.2 AFM imaging

AFM imaging of the active layer surface was carried to understand the surface morphology.
Typical topography image is showed in Figure 5.8a. The films indicated high roughness ~ 100
nm. Topography will be discussed more in detail in the later sections. Corresponding
Conductive-AFM image of Figure 5.8a is shown in Figure 5.8b. The circular regions indicate

the periphery of the SC and FE regions where the conductivity is maximum. Typical line scan
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across a conducting SC domain extracted from the CAFM image is shown in Figure 5.8c. These

results correlate well with CAFM data reported earlier for memristor blend films.'
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Figure 5.8 a) Typical Topography image of PVDF-TrFE: PFO films. b) Corresponding
Conductive-AFM image obtained with +10 V applied bias to the bottom electrode. c) Line scan
across a conducting region in the CAFM image. Experimental setup is described in the caption
of Figure 2.6. Budget sensor silicon AFM tips coated with Chromium/Platinum with resonance

frequency 13 kHz and force constant 0.2 N/m was used in contact-mode for the study.
5.5 EFTA treatment of organic ferroelectric memristors

EFTA treatment was carried out for the active layer similar to the methodology used for the

EFTA treatment of solar cells and is shown in the schematic (Figure 5.9)

Active layer solution is spin-coated on Aluminium coated glass or Indium doped Tin Oxide
coated glass (ITO) respectively inside the glove box. The spin-coated substrate is then taken to
a heating stage. A temporary top electrode is brought over the active layer and kept separated
by a spacer (= 1.35 mm). Voltage is then applied between the top and bottom electrodes; such
that the top electrode was connected to the positive terminal while the bottom electrode was
grounded. Thermal annealing for 140 °C (> ferroelectric transition temperature T¢) for 1 hour

is then carried out on the active layer. Voltage is maintained throughout the thermal annealing
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process. After the annealing process, the voltage terminals are removed along with the
temporary top electrode and spacer. All of these steps are carried out inside the glove box. For
the thermally annealed control devices, no voltage is applied during the treatment. A permanent
top electrode is then deposited by thermal deposition to complete the organic ferroelectric
memristor device. Thermally annealed control devices and Electric-Field-assisted thermally

annealed devices are referred to TA and EFTA devices, respectively.

‘ Spin-coating of active
layer on substrates

ITO/Al —>

=TS

Voltage
supply

Al <

ITO/AI

ITO/AIl

Coating of Al (100 nm) by

—— 0
thermal deposition A Tannealing= 140°C

Tduration =60 minutes

5.9 Schematic representation of the methodology of Electric field-assisted thermal annealing
(EFTA) treatment of Organic Ferroelectric Memory (OFM) devices

5.5.1 Characterization
5.5.1.1 XRD studies

The morphological changes induced by EFTA treatment in PVDF-TrFE: PFO blend films was
examined by GIWAXS studies. The GIWAXS spectra of blend films are shown in Figure 5.10.
The peak corresponding to semi-crystalline PVDF-TrFE is present in both the TA and EFTA
treated films. This peak at 20 ~ 19.8° (d = 4.48 A) corresponding to the (110)/ (200) peak of
the low temperature ferroelectric B phase of P(VDF-TrFE). It can be observed that EFTA
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treatment improves the crystalline quality of the PVDF-TrFE, reflected in the narrowing of the
peak. Scherrer’s analysis of the PVDF-TrFE peak indicated enhancement in coherence lengths

from 5.5 nm to 8 nm with EFTA treatment.
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Figure 5.10 GIWAXS spectra of PVDF-TrFE: PFO blend films. TA and EFTA correspond to
thermally annealed, and electric field-assisted thermally annealed films respectively.

Experimental setup is described in the caption of Figure 2.7.

5.5.1.2 I-V characteristics
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Figure 5.11 Typical I-V characteristics of a) Thermally annealed and b) EFTA treated
memristor (PVDF-TrFE: P3HT) devices. Forward (0 V to +3 V) and Reverse (+3 Vto 0V)
directions of measurement scan before poling are represented in black and red curves
respectively. Forward (0 V to +15 V) and Reverse (+15 Vto 0 V) directions of poling scan are
represented in blue and pink curves respectively. Forward (0 V to +3 V) and Reverse (+3 V to
0 V) directions of measurement scan after poling are represented in green and navy curves
respectively. Current-voltage measurements were carried out using Keithley 4200

Semiconductor Characterization System.
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Effect of EFTA treatment was observed by studying [-V characteristics of treated and untreated
OFM devices. Typical I-V characteristics for control (TA) and EFTA treated PVDF-TrFE:
P3HT OFMs in the positive voltage axis, are shown in Figure 5.11. Black and red curves
indicate the current in the forward and reverse scans during the ON-state of the OFM device.
Blue and Pink curves indicate the forward and reverse scans during the poling scan. After the
application of the poling scans, the device is set to OFF-state. Green and navy curves indicate
the current in the forward and reverse scans during the OFF-state of the OFM device. It can be
seen that higher current values are obtained for EFTA treated devices than the control TA
devices. Currents improve by an order of magnitude in both the OFF-state and ON-states of
device operation. This observation points to improved-order, implying reduced-barrier and/or
enhanced charge injection at the interface. There is also a trend of saturation of current at lower

voltage values for EFTA devices.
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Figure 5.12 ON-OFF ratio as a function of voltage extracted from the poling scans of TA and
EFTA treated devices (PVDF-TrFE: P3HT) of Figure 5.11.

Higher ON-OFF ratios obtained for the EFTA treated when compared to TA devices can be
seen in Figure 5.12. ON-OFF ratio was obtained by dividing the current value during the

forward scan with current value during the reverse scan for every voltage value.

Similar I-V characteristics were obtained for PVDF-TrFE: PFO OFMs is shown in Figure 5.13.
The forward poling scan (0 V to +10V) and Reverse poling scan (+10 V to 0 V) directions are
represented in black and red curves for both TA and EFTA treated devices, in Figures 5.13a
and 5.14b. It can be seen that the reverse scans have higher current than the forward scan since
the poling the FE has switched the SC conducting channels to ON-state. Higher magnitudes of

current are obtained for EFTA treated devices than corresponding TA devices. ON-OFF ratios,
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as a function of voltage, obtained from curves in Figure 5.13a and 5.13b is shown in Figure
5.13c. The ON-OFF ratios of PFO: PVDF-TrFE memristors are higher than the P3HT: PVDF-
TrFE. This is because of the lower-lying HOMO levels of PFO when compared to P3HT. It
can be observed that ON-OFF ratios of the EFTA treated devices are higher than TA treated
devices, in almost the entire voltage range. Also, EFTA treated devices, allows highest ON-

OFF ratios (> 10°) at a lower voltage, which allows using a lower read voltage.
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Figure 5.13 a) and b) Typical I-V characteristics of a) Thermally annealed and b) EFTA
treated memristor (PVDF-TrFE: PFO) devices. Forward poling scan (0 V to -10V) and
Reverse poling scan (-10 V to 0 V) directions are represented in black and red curves,
respectively. ¢) ON-OFF ratio as a function of voltage extracted from the poling scans of TA
and EFTA treated devices of a) and b). Current-Voltage studies were carried out using Keithley

4200 Semiconductor Characterization system.

The device characteristics obtained for the memristors is relatively lesser than the

corresponding values reported in the literature.> * 2’2° This, however, can be improved by
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optimizing the processing conditions. It has to be noted that EFTA treatment is shown to

improve the performance parameters when compared to the control devices.
5.5.1.3 Retentivity and cyclability studies

It can be observed that the voltage corresponding to the maximum ON-OFF ratio, Vmax, 18
significantly lower for EFTA devices (Figure 5.14). Vmax is usually chosen as the probe (read-
out) pulse voltage used to measure the state of the device. Since read-out is a destructive
process in OFM devices, lower magnitudes of probe pulse voltages (Vmax) are expected to
improve long term retentivity. To confirm this hypothesis, retentivity studies were carried out.
OFM devices were initially set to ON-state (by applying 20 V pulse). 20 V was chosen because
it corresponds to electric field strength higher than the coercive field strength of the PVDF-
TrFE matrix. ON-state was then read-out by applying suitable probe pulses voltages (Vmax) at
regular intervals of time. Decay profiles of ON-current measured at the probe voltage indicates
an initial rapid decay and reaches a saturation level for both the EFTA and TA devices. The
decay profiles were fitted to an exponential process. The time taken for ON-current to reduce
90% of its initial value was found to be =~ 1269 s and 870 s for EFTA and TA devices
respectively, for similar measurement parameters. Reduced probe voltages used for EFTA

devices has led to longer retentivity times when compared to TA devices.
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Figure 5.14 Retentivity studies: 20V pulse (400 ms) is initially applied to set the memristor to
ON-state. ON-current is then measured at probe voltage pulses of 75 ms (-4.1V for TA devices
and -1.3V for EFTA devices) at intervals of 250 seconds.

Cyclability studies (>250 cycles) carried out on OFM devices to verify that the higher current
magnitudes obtained for EFTA devices were retained after multiple cycles (Figure 5.15). Each

cycle involves, a voltage pulse to set the device to ON-state, followed by a probe pulse to
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measure the ON-current, a voltage pulse to set the device to OFF-state, followed by a probe
pulse to measure the OFF-current. It can be seen that the current magnitudes reduce by an order
of magnitude for both TA and EFTA devices over 250 cycles. However, EFTA devices have

higher current magnitudes and maintain similar ON-OFF ratios, than corresponding TA

devices.
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Figure 5.15 Typical current values of TA and EFTA memristor devices obtained during
cyclability studies (>250 cycles). Each cycle involves a +20 V set pulse, followed by a probe
pulse and -20 V set pulse, and ends with probe pulse. Pulses at +20 V and -20 V set the devices
into ON and OFF state respectively. Each cycle lasts about ~ 10s. (b) and (c) indicates the
current values obtained for Ist cycle and 251st cycle for TA devices. (d) and (e) indicates the
current values obtained for Ist cycle and 251st cycle for EFTA devices.

The origin of the higher current magnitudes lies in the morphology modifications induced by
the EFTA treatment. To understand the effect of EFTA treatment, the surface of the OFM

active layer was investigated with Atomic Force Microscopy (AFM).
5.5.1.4 AFM imaging

Morphology-device performance correlations of OFMs have been well studied in the
literature.®% 3! Typical AFM images (10 um x 10 um) of OFM active layer shown in Figure
5.16. The circular regions which can be observed in the topography and phase images indicate
the SC domains in FE matrix. It is expected that the SC regions extend into the bulk of the

active layer. Some of these SC regions act as bridging channels between the top and bottom
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electrodes. From earlier studies, it is known that SC regions which project out of the film
(convex shape) do not reach the bottom electrode, as indicated in the schematic (Figure 5.3)."
A typical image of the such SC region is indicated in the blue square in the AFM image (Figure
5.16). SC regions which reached the bottom substrate dip below the film (concave shape) as

shown in the schematic (Figure 5.3) and indicated within a red square (Figure 5.16).

Phase

Removing PFO by
washing with Toluene

Figure 5.16 Typical Topography and phase AFM (10 um x 10 um) images of PFO: PVDF-
TrFE memristor blend film, before and after washing with Toluene to remove PFO. Bridging
and non-bridging semiconductor channels are indicated in red and blue squares, respectively.
Experimental setup is described in the caption of Figure 2.6. Budget sensor silicon AFM tips
coated with gold coating with resonance frequency 300 kHz and force constant 40 N/m was

used in tapping-mode for the study.

SC material can be selectively removed by washing the film in toluene. The image shows the
blend films without the PFO regions (Figure 5.16). Typical line scan across the topography
image (Figure 5.17a) after the removal of SC material is shown in Figure (5.17b). It can be
seen that not all the depressions left by the PFO reach the bottom electrode. The depressions
which do not reach the bottom electrode are non-bridging channels that do not contribute to

the current in the device. By image analysis using ImagelJ software, the partial depressions left
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non-bridging channels can be removed from the image. Typical resultant image after

processing is shown in Figure 5.17c.

The resultant image (Figure 5.17c¢) only contains the domains of SC channels in contact with
the bottom electrode. The domain size distribution of these bridging SC channels can be
obtained by image analysis. Domain size distribution obtained for control films and EFTA-
treated films from image analysis from a large number of such images is shown in Figure 5.17d.
A clear transformation in the domain size distribution with EFTA treatment was observed.
Domain sizes of smaller size are reduced in quantity with EFTA treatment when compared to

the control films. EFTA treatment also increases the distribution of domain sizes of larger

dimensions.
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Figure 5.17 a) Typical Topography AFM (10 pum x 10 um) image of PFO: PVDF-TrFE
memvristor blend film, b) Typical topography line scan indicated by a black horizontal line in
a), ¢) image analysis carried out to remove non-bridging Semiconductor channels. d) Domain
size distribution obtained from multiple images for thermally annealed control (TA) and

Electric field-assisted thermal annealing (EFTA) treated blend films.

The overlap of images representing SC regions at the air-active layer interface (Figure 5.17(a))
and active layer-substrate interface (Figure 5.17(b)) reveals the bridged-domains, while the

complementary fraction represents the non-bridged segments. Domain sizes of SC regions at
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these two interfaces can be estimated from AFM images. Charge-injection into the SC from
the electrodes occurs only around the SC-FE interface, i.e., regions close to the SC domains
perimeter. From the domain size distribution, the effective charge injection region, given by
the product of the circumference of the SC regions and spread of the charge injection region
around the SC-FE interface (s in um), was found to 26.38xs pm?/100 pm? for TA treated films
and 29.07xs pm?/100 pm? for EFTA treated films respectively. Assuming that the spread of
charge injection region (s) is independent of the treatment, it can be seen that the EFTA

treatment improves the effective charge injection region by ~ 10 %.
5.5.1.5 Space charge limited current (SCLC) mobility studies:

To understand how EFTA treatment improves crystalline quality in the SC regions of the OFM
active layer, SCLC hole mobility studies were carried out. SCLC mobility (p) was obtained by

fitting the obtained I-V curves to Mott—Gurney’s square law,

I = gAeffeosr,u%ppL;gnn)z (5.1
where go¢; - dielectric constant, L -film thickness, Vapp - applied voltage, Von is the voltage at
which the OFM is switched to ON-state. Effective charge injection region obtained from the
AFM analysis was used as the effective SC area (Aefr) for SCLC analysis (s was assumed to 50
nm for the calculations). u obtained for TA and EFTA treated devices were 1.2+0.1 x 107
cm?/Vs and 1.4+0.2 x 10* cm?/Vs, respectively. EFTA treatment is found to improve p by

three orders of magnitude in the bridged SC regions.

The ability of EF to modify the FE-SC interface has been observed earlier in a similar study
where EF was applied laterally on dielectric film during thermal annealing treatment. SC layer
was then spin-coated on the treated/control FE dielectric surface. Organic field effect
transistors fabricated with oriented PVDF-TtFE FE dielectric surface lead to a ~ 300 % higher

u at the SC-FE interface, than the control devices.

These studies suggest the possibility of structural reorganization in the active layer due to
EFTA treatment. Improvement in current magnitudes due to EFTA can be attributed to factors
contributing to the increase in the proportion of bridged SC channels and enhanced charge

carrier mobility.
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5.6 Summary

EFTA treatment provides additional control in improving the device characteristics of the two-
component organic memristors. EFTA treatment was able to increase the current magnitudes
in the organic ferroelectric memristor devices — in both PVDF-TrFE: PFO and PVDF-TrFE:
P3HT devices. The improvement in current was attributed to an increase in bridged SC
channels and enhancement in charge carrier mobility in the bridged semiconducting regions.
This improvement in current magnitudes also subsequently improves the ON-OFF ratio of the
EFTA treated devices. The presence of EF during the film annealing with FE polymer appears
to be a natural driving force to an organised structure. Schematic representing the morphology
change induced by the EFTA treatment is shown in Figure 5.18. This depiction is relatively

simplistic but captures the essence of the key results.

I

(a) TA (b) EFTA

Figure 5.18 Schematic of a possible morphology variation of the active layer of ferroelectric
memristor a) Control Thermally annealed (TA) films, b) Electric field-assisted thermally
annealed (EFTA) films. In the schematic, red regions indicate SC polymer, and blue regions
indicate the FE polymer matrix. Yellow indicates metal electrodes. It can be seen that EFTA

treatment increases domain sizes at active layer /bottom electrode interface.
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6.1 Summary of the thesis

In this thesis, the effectiveness of electric-field assisted thermal annealing (EFTA) treatment in
controlling the microstructure of two different types of organic devices; (organic solar cells
(OSCs) and organic ferroelectric memristors (OFMs)) have been explored. The first chapter
provided the essential background introduction and information to the various topics relevant

to the thesis.

In the second chapter, studies of EFTA treatment applied to BHJ system of semi-crystalline
donor (P3HT): fullerene acceptor (PCBM) was presented. It was observed that EFTA treated
devices showed improvement in solar cell device performance when compared to
corresponding thermally annealed control devices. EFTA treatment was able to control vertical
phase separation of active layer components in thin films. The improvement in device
performance was attributed to increased crystallinity of the donor domains and better optimized
morphology for charge generation and charge extraction in the blend. Dependence of the
molecular weight of donor polymer P3HT on the EFTA treatment was observed. The results
indicated that EFTA treatment was more effective to create vertical phase segregation in the

relatively less-crystalline higher molecular weight P3HT based BHJ system.

In the third chapter, EFTA treatment was shown to bring in vertical phase segregation in BHJ
system of amorphous polymer donor PTB7-Th and PCBM. By careful optimization of the
process parameters, EFTA treated solar cell devices were able to get efficiencies higher than
only-thermal annealed devices. The enhanced device performance was due to better optimized
morphology of the EFTA treated devices. Additive DIO used to improve the efficiency of
PTB7-Th: PCBM solar cells have been shown to cause irreversible, detrimental morphological
changes in the active layer over time. DIO was removed by the thermal annealing treatment
leading to more stable solar cell devices. The possibility of solar cell devices, which were more
efficient than control thermally annealed devices and more stable than control untreated

devices, was demonstrated using the EFTA treatment.

In the fourth chapter, EFTA treatment was applied on two different systems, polymer donor
(PBDB-T): non-fullerene acceptor (ITIC) based BHJ system and small molecule donor
(SA48): fullerene acceptor based BHJ system. The non-fullerene based BHJ system did not
show any discernible change with EFTA treatment, in the range of parameters used for the
study. The small molecule donor (SA48): PCBM system indicated that the response to EFTA

treatment is significant. It was observed that additive DIO used during the treatment plays a
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crucial role in creating vertical phase separation in the active layer. DIO is a low vapour
pressure solvent, resides longer in the film. PCBM was selectively dissolved by the additive
and has the tendency to remains in the solvent phase much longer after the film is obtained
from spin coating. This allows PCBM molecules to respond to EFTA treatment. No
correlations were identified between the molecular dipole moments obtained through DFT

calculations, and the corresponding response of the small molecules to EFTA treatment.

In the fifth chapter, EFTA treatment was used to improve the device performance of organic
ferroelectric memristors. Two different active layer systems of PVDF-TrFE: PFO and PVDF-
TrFE: P3HT was used for the study. EFTA treatment was shown to increase the current
magnitudes for both the systems along with a lowering of the threshold voltage. This was
attributed to EFTA treatment induced better optimized domain sizes of conducting channels of
semiconductor polymers inside the ferroelectric matrix. The improvement in current

magnitudes also reflected in better ON-OFF ratios for both the memristor systems.
6.2 Critical points and significance of the thesis

-The crystallinity of the polymer donor determines the response of blend film towards electric-
field assisted thermal annealing (EFTA) treatment, with the largest variations appearing in

relatively lesser crystalline polymer donor systems.

-The enhancement in device efficiency of semi-crystalline donor: PCBM solar cells with EFTA
treatment has been identified to be due to improved hole mobility and optimal vertical phase

segregation (VPS)

- EFTA treatment compensates efficiency lost during thermal annealing of amorphous donor:
PCBM solar cells by improving VPS of active layer components. Removal of additive leads to
more stable devices. Our work was the first report where EFTA treatment was shown to
improve performance parameters of amorphous donor-based BHJ solar cells.

-The role of solvent additive (DIO) in the migration of PCBM with EFTA treatment was
identified. The largest response to EFTA treatment was observed when DIO was used along

with the native solvent.

-EFTA treatment enhances the performance of organic ferroelectric memristors by increasing
the current densities in the devices. It was identified that EFTA treatment increases the
proportion of bridging semiconducting channels and the mobility of charge carriers in these
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regions. This is one of the first reports where an external treatment was used to improve the

device characteristics of organic ferroelectric memristors.
6.3 Future Directions

Understanding the driving force behind the response of a certain set of molecules in different
environments to EFTA treatment is critical in making the best use of this treatment. An
extensive study involving different active layer components and different additives will help
us understand the strengths and limitations of EFTA treatment. It is conceivable that EFTA
treatment can further increase the high efficiencies demonstrated in certain new systems
reported recently. Ternary solar cell BHJ systems which have one donor and two acceptors,

with one of them being fullerene would be an interesting platform for this EFTA approach.

The observed effect of EFTA treatment of organic memristors, consisting of semiconducting
polymer domains in a ferroelectric matrix, reveals a promising method to further improve
device performance and the various figure of merit parameters. Extensive structural
characterization accompanied by modelling is needed to improve the understanding and

functioning of these devices.
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