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Title: Transient Optical and Electrical Phenomena in Organic Semiconductors:
Insights into Fundamental Photophysics, Resistive Switching, and Emulation of

Synaptic Plasticity

Author: Yadu Ram Panthi
Department / Institute: Institute of Macromolecular Chemistry, CAS
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Abstract: The growing demand for flexible and cost-effective printable optoelectronic
devices can be fulfilled by employing organic semiconductors, comprising either
polymers or low molecular weight organic molecules with m-Conjugated electron
system. This thesis is focused on the experimental study of the photophysical and
charge-transport properties of these materials, in particular, phenomena related to a
transient state after photoexcitation or charge transfer, with the aim to understand the
underlying processes important for their functionality in various devices in organic
electronics, particularly in field effect transistors (OFETs) and memristors, and to
optimize their performance. We also demonstrate the potential of exciton management
in organic semiconductors that can be exploited in organic photovoltaics.

Using transient optical absorption spectroscopy, we show that
thiophene-diketopyrrolopyrrole (TDPP) derivatives exhibit structure-dependent
excited state evolution leading to an effective generation of triplets, possibly through
singlet fission, and the impact of thermal effects in pump-probe laser spectroscopy
measurements on obtained data. Additionally, we found that TDPP-based polymer
mixed with perylene, or polymethacryalamide with carbazole side groups are capable
of exhibiting electronic memory and synapse-mimicking functionalities. Furthermore,
the impact of mobile electric dipoles present in polymer dielectrics on hysteresis in
current-voltage characteristics of OFETs has been elucidated, with the possibility of

controlling these effects by crosslinking or surface passivation.

Keywords: Organic semiconductors, n-conjugated molecules, exciton management,
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Abstract: Rostouci potieba flexibilnich a cenové efektivnich tisknutelnych
optoelektronickych zatizeni vede k vyvoji novych organickych polovodic, které zahrnuji
predevsim polymery a nizkomolekularni organické latky s m-konjugovanym elektronovym
systémem. Tato prace je zaméfena na experimentalni studium fotofyzikalnich a elektronovych
transportnich vlastnosti téchto materialti, zejména na jevy spojené s transientnimi stavy po
fotoexcitaci organického polovodi¢e nebo pfenosu naboje. Cilem je porozumét zakladnim
procesiim v téchto latkach, které jsou dulezité pro jejich funk¢nost v riznych elektronickych
zafizenich v organické elektronice, zejména v organickych tranzistorech fizenym elektrickym
polem (OFET) a memristorech, a optimalizovat jejich vlastnosti. Dale je prace vénovana
fotofyzikalnim procestim, které v organickych polovodicich vedou k transformaci excitond.
Tyto procesy, zejména proces Stépeni singletnich excitonid na excitony tripletni, 1ze vyuzit v
organickych fotovoltaickych ¢lancich.

Pomoci transientni optické absorpcni spektroskopie jsme ukazali, Ze thiophenové
derivaty diketopyrrolopyrrolu (TDPP) vykazuji efektivni transformaci singletnich
excitovanych stavi na tripletni, pravdépodobné mechanismem prostfednictvim singletového
Stépeni, které je vSak silné zavislé na vzajemném uspotradani molekul a tim na struktuie
organické latky v pevné fazi. Ukazali jsme téz, jak vysledky transientni optické absorpcni
spektroskopie mohou byt ovlivnény tepelnymi efekty. Zjistili jsme, Ze vrstvy polymeru na bazi
TDPP smichaného s derivaty perylenu a polymethakrylamid s karbazolovymi postrannimi
skupinami jsou vykazuji zmény odporu v zavislosti na proslém ndboji. Tyto vlastnosti, typické
pro memristor, umoznily napodobit synaptickou plasticitu typickou pro biologické neuronové
synapse. Objasnili jsme téz vliv mobilnich dipéla pfitomnych v polymernim dielektriku na
hysterezi volt-ampérovych charakteristik tranzistort OFET, pficemz byla ukdzana moZznost

ovlivnéni téchto efektli zesitovanim polymeru nebo povrchovou pasivaci.

Klicova slova: Organické polovodice, n-konjugované molekuly, exciton, transport naboje,

OFET, memristor
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Organic semiconductors (OSCs) are primarily derivatives of unsaturated
hydrocarbons, in which the m-conjugated electronic system makes their band gap
narrower and valence electrons more delocalized. The combination of their
semiconducting nature with the chemical and mechanical properties of plastics makes
them suitable for flexible optoelectronics.[1,2] The discovery of electrical conductivity
in polymers, previously considered as insulators, marked a groundbreaking
development that established a new research field. In 2000, recognizing their work on
conjugated polymers and the enhanced conductivity of these polymers achieved
through doping, Alan J. Heeger, Alan G. McDiarmid, and Hideki Shirakawa were
awarded the Nobel Prize in Chemistry.[3] This breakthrough raised the research and
commercial interest in this field, leading to applications of conjugated OSCs in several
technologies, like organic light-emitting diodes (OLEDs),[3,4] displays,[5,6] organic
photovoltaics (OPVs),[7] organic field effect transistors (OFETSs),[8] batteries,
supercapacitors, and sensors. In addition to these traditional electronic devices, the
research moved recently forward also to novel perspectives, for example, organic
memory devices and memristive systems.[9—14]

The primary target of organic electronics is not to replace silicon-based
technologies, known for superior operational speed and durability. It should be focused
more on low-cost, scalable, and flexible applications like large-area displays or energy
harvesting and storage. The scalability, achieved through reduced device thickness and
cost-effective roll-to-roll printing, is a primary concern for these semiconductors.
Although some thin film silicon-based technologies also recently occurred, using
classical inorganic semiconductors (ISCs) technologies for preparing such devices is
nearly impossible. The commercial progress in this field is evident through the
production of smart electronics such as smartphones, or ultra-high flexible OLED
displays (Fig. 1.1A-B), including LG’s 42-inch flexible display and 88-inch or larger
8 K TV displays available in the 2023 market, featuring wider viewing angles and
exceptional contrast levels.[6] Chan Il Park et al.,[15] introduced a fundamental matrix
design even for a 77-inch OLED display. Additionally, advanced devices such as thin
notebooks, e-papers, digital cameras, and roofs covered with OPV flexible panels have
garnered significant consumer attention.[2] These advancements demonstrate the
increasing viability of OSCs in many practical applications. While it took long decades

of research and development, and substantial investments to bring
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OSCs to the market, challenges for scientists and industry still persist, like their
chemical and structural stability, particularly under high current densities or UV
illumination, at elevated temperatures, or in achieving reproducible parameters.

The field of OSCs includes a diverse range of materials, broadly classified as
small molecules or oligomers, typically processed through sublimation in a vacuum,
and polymers, usually processed using wet chemical techniques.[19] Envisioned as a
cost-effective alternative to their inorganic counterparts, m-conjugated OSCs,
characterized by a sequence of alternating single and double bonds, facilitating
electron delocalization, are extensively studied for optoelectronic applications. These
materials, including molecular crystals, disordered molecular materials, and
conjugated polymers, offer opportunities to tailor the structural-property relationship

to meet the electrical and optical requirements of the device.[1,20,21] Over six

(A) (B) (D)

Figure 1.1: Photographs of A) LG's smartphone,[6] B) 18-inch rollable OLED display,[16]
C) flexible electrophoretic display using OFETs backplates, fabricated by a company Plastic
Logic,[17] and D) rollable OPVs on a wind turbine tower to enhance efficiency.[18]



decades, the field of organic optoelectronics has witnessed the synthesis of new and
optimized materials and devices with unipolar or ambipolar charge transport (CT)
properties and tuned absorption and emission spectra.[19,22-25]

This thesis delves into the detailed study of electronic processes in organic
semiconductors with a focus on transient electrical and optical phenomena. The choice
of a broad area of materials, including small molecules, polymers, and their
composites, and their study in the context of different device structures and
characterization techniques, extends effort towards potential commercialization.
Within the scope of this thesis, particular emphasis is placed on phenomena related to
solar cells, memristors, and OFETs. In the introduction, we first provide an overview

of the main theoretical background related to the underlaying phenomena.

1.1 Current state of the art

The origin of OSCs traces back to the 1950s, pioneered by H. Inokuchi and his
coworkers who discovered organic semiconductors.[26—28] Despite this early start, it
took another 6 decades for these materials to become commercially viable, eventually
reaching a market size of $81.5 billion in 2022, with a projected 20 % growth by
2032.[29] This transformation from inorganic to organic semiconductor technology
has significantly impacted various aspects of daily life, including OLEDs,
smartphones, solar cells, digital radio-frequency identification (RFID), and e-paper,
with a clear movement towards possible exploitation for artificial intelligence (Al)
systems. In-depth studies of the electronic properties of OSCs continue in parallel with
their commercialization.

OPV’s study began in the 1950s, initially exploring organic dyes and later
polymers like poly(sulfur nitride) and polyacetylene in the 1980s.[30] The first
functional OPVs and OLEDs were reported in 1986 and 1987, respectively, by CW
Tang and SV Slyke at Eastman Kodak, laying milestones for OSC. It initiated intensive
research showing good perspectives for commercialization.[3] The 2000’s Nobel Prize
in conducting polymers[3] further accelerated research and device engineering,
leading to scalable and flexible electronics using polymeric materials. Various
electrically conducting polymers, such as polythiophene, polyphenylene sulfide, and
polypyrrole, were identified, fostering material innovations post-2000.[20,31,32]



Despite these advancements, successful commercialization took nearly half a century
from the first experiments with organic semiconductors to materialize this research.
Despite technological limitations such as lower efficiency and durability,
significant research progress in OPVs brought their efficiency already to 19.31 % as
of 2023 (Fig. 1.2B). This efficiency is close to that of polycrystalline silicon solar cells
or almost double compared to amorphous silicon photovoltaics.[17,33]. The study of
the excited state dynamics using ultrafast laser systems is crucial for understanding
fundamental processes in photovoltaics cells from light absorption to the generation of
electricity. The development of femtosecond (fs) time-scale light pulses enabled the
probing of ultrafast excited-state dynamics in real-time contributing to design of

efficient solar cells.

(A) (B)

)
2000 2005 2010 2015 2020

Figure 1.2: A) A sample of thin film solar cells and B) the trend of increase in OSC

efficiency with the development of non-fullerene acceptors.[17]

Besides photovoltaics, other electronic components, mainly OLEDs, OFETs,
and sensors, came into the focus of organic electronics, too. Recently, organic
memristors have been developed, with hysteresis in their non-linear current-voltage
characteristics and multi-state conductivity, that can be used in memory devices.
[34,35] Though their concept emerged already in the 1960s, significant attention was
drawn once its theoretical background was established by Chua in 1971, and the first
working prototype was realization at HP Labs in 2008.[36] Memory effects in polymer
thin films were reported first on PVK in 1976,[37] followed by novel materials like
MoS2,[38,39] other polymers,[40,41] and their composites,[42] and used for resistive
switching, non-volatile memory, and neuronal emulation. Although the incorporation

of memristors in various electronic devices like smartphones was projected by the
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journal IEEE Spectrum for 2024,[43] challenges like reproducibility and volatility
hinder their massive commercialization. Nevertheless, the production pathway toward
16 GB storage capacity has been already demonstrated.[44] The research progress in
materials, switching mechanisms, and their integration into electronic circuits is
sparking significant interest in industrial production.[45—47] The hybrid production
using organic-inorganic frameworks followed by its standalone market can upscale
neuromorphic computing and machine learning through the operation of neural
networks, a technology in a post-CMOS era of computing.[48—50]

OFETs have been under study since the early 1980s, with marked
advancements in polymeric FETs in the 1990s.[51] The first polymer OFET prototype
was made with polythiophene by A. Tsunara et al. in 1986, reaching charge carrier
mobility of ~ 1073 cm? V! S°'.[52] A significant milestone was achieved in 2012 when
an 8-bit microprocessor containing 3000 OFETs was printed on a flexible plastic
substrate, moving OFETs from laboratory curiosity to a commercially viable
technology.[53] In the last decade, significant improvement of the charge carrier
mobility allowed their extended use in electronic chips.

As OSC-based technology integrates into the technological landscape, a
comprehensive exploration of its working principles becomes imperative.
Improvements in lifetime, reproducibility, and optimization of operation parameters
are necessary. A profound understanding of intrinsic CT mechanisms, including
factors like energetic disorders and polarization effects, is important to address these

challenges.

1.2 Optoelectronic devices: charge generation and transport

1.2.1 Organic semiconductors (OSCs)

In OSCs, weak van der Waals forces govern molecular bonding, resulting in electron
localization on individual molecules.[54] The binding energies in OSCs are
approximately 8 times lower (< 10 kcal mol™) than in crystalline Si (c-Si), leading to
considerable differences in mechanical and optoelectronic properties.[55] In
hydrocarbons OSCs, molecular orbitals form through a linear combination of atomic
orbitals, typically after sp? hybridization.[56] The mutually interacting remaining p,
orbitals are responsible for electron-delocalization in a conjugated system (Fig. 1.3A).
Driven by Pauli exclusion principle, molecular orbitals are formed by the mutual

6
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Figure 1.3: A) Illustration of bond formation in an ethylene molecule depicting the combination
of atomic orbitals (¢ - and © — bonds), and B) transformation of atomic orbitals into molecular
orbitals, showing the band-gap.[56]

displacement of energy levels of atomic orbitals into two different energy values,
above and below the original position (Fig. 1.3B). Electrons reside in a lower
molecular orbital (bonding orbital) providing stability. With additional energy,
electrons can be excited into higher energy levels (antibonding orbitals), such as the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) form frontier molecular orbitals separated by energy bandgap, E,.

As depicted in Fig. 1.3A, the head-to-head overlap of sp? hybridized orbitals
create strong covalent bonds (c-bonds), whereas the side-by-side overlap of p, —
orbitals form weaker n-bond orbitals, which are perpendicular to the sp? orbital plane.
The sequence of alternating ¢ and ¢ + 7 - bonds facilitates electrons delocalization
within a molecule or molecular segment via resonance forming a m-conjugated
system.[57] This helps to reduce the bandgap and enables n-n interactions between the
molecules causing improved molecular stacking in the solid-state.

Further narrowing of the bandgap can be achieved in organic molecules
containing alternating donor (D)-acceptor (A) groups. They feature alternating
sequences of electron-rich and electron-deficient moieties that help to extend the
electron delocalization via the reorganization of individual energy levels
(Fig. 1.4A, B).[58] Varying sequences of D-A units can also alter the HOMO/LUMO
energy level, and allow thus tailoring of either hole or electron-transporting material.

(Fig. 1.4C).[59] Such systems with different light-absorbing chromophores and
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Figure 1.4: A) Chemical structure of bis (thiophene) diketopyrrolopyrrole (TDPP)
indicating a donor (D) and an acceptor (A) moieties by blue and red color, respectively, and
B) schematic representation of bandgap lowering in a m-conjugated D-A system via the
interaction of corresponding molecular orbitals.[58], C) schematic representation of
bandgap reduction by lowering/ broadening of LUMO by increasing sequence of D-A units,

creating an extensive array of n-orbitals and electron delocalization along the backbone.[57]

multiple absorption/emission bands provide suitable applications for photovoltaic and
electrochromic devices.[57,60] n-Conjugated small molecules, often form ordered
structures or crystalline domains with reduced static disorder, facilitating good
intermolecular charge transport. However, their thin film preparation by solution
processing is often challenging due to limited solubility. Side-chain alkylation might
solve the problem in some extent but it can change the electronic properties of the
molecule, too. Highly homogeneous uniform layers of low-molecular-weight
materials can be prepared through physical vapor deposition (PVD). However, thus
obtained thin films might be still amorphous or semi-crystalline/polycrystalline

bringing more pronounced energy disorder.[40,61]
1.2.2 Free charge carrier generation in OSCs

At room temperature, the concentration of free charge carriers in OSCs at thermal
equilibrium is usually very low. In their undoped state, OSCs behave as insulators
unless charge carriers are injected either from electrodes or generated within the bulk

through optical/thermal excitation or by doping.[24]



1.2.2.1 Photogenerated carriers

Energy harvesting from sunlight relies on the efficiency of free charge carriers
photogeneration. Compared to silicon, OSCs possess a higher extinction coefficient,
essential for efficient light absorption. However, direct photogeneration of charge
carriers in organic compounds faces obstacles as they tend to form electrostatically
bound excitons (electron-hole pair) due to lower dielectric constants, typically ranging
between 3 and 5. To overcome this hurdle, a bilayer system or heterojunction of donor
and acceptor molecules has been established. Excitons, formed at the point of
generation, must reach the junction within their lifetime. Upon reaching the junction
the excitons can dissociate to individual free carriers, electrons, and holes,
subsequently collected at respective electrodes. In OPVs, transport of photo-induced
exciton is diffusion controlled, with mobility described as p = eD /KT, where D is the
diffusion constant, k is the Boltzmann constant, and T is the temperature. Increasing
the diffusion coefficient, D, or exciton lifetime is crucial to prevent the recombination
before charge separation at the donor-acceptor interface.[19]

Prolonged exciton lifetime is desired highlighting the importance of materials
capable of triplet exciton formation by an efficient intersystem crossing (ISC).
Therefore, a deep understanding of light-matter interactions is vital for optimizing

material properties in solar energy conversion.
1.2.2.2 Injection from electrodes

For injection-operated electronic devices, the injection efficiency is primarily

governed by the contact resistance, affected mainly by the Schottky barrier (¢,), which
depends on the energy difference between the electrode work function and the energy

(A) (B) © g4 1
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Figure 1.5: Schematic energy band diagram illustrating charge injection via A) F-N

tunneling, B) R- S thermionic emission, and C) P-F emission in MIM structures.[62]



of HOMO or LUMO level of the organic layer.[4] This barrier can be manipulated by
altering the interface via physisorption or chemisorption.[63] A low barrier (< 0.3 eV)
results in an Ohmic contact, while a barrier exceeding this value limits the device's
performance. Nevertheless, even high energy can be overcome via a field-enhanced
thermionic emission or quantum-mechanical tunneling.[64,65] Among them,
Fowler-Nordheim (F-N) tunneling occurs when the electric field is strong enough to
allow tunneling of electrons through the energy barrier, while Richardson—
Schottky (R-S) thermionic injection involves injecting thermally excited charge
carriers from the Fermi level of an electrode to the transporting energy level of OSC
(Fig. 1.5B). On the other hand, Poole-Frenkel (P-F) emission (Fig.1.5C) is a
trap-assisted injection process, observed in amorphous or polycrystalline OSCs where
trapped charges get excited into the transporting energy level by the applied field,
reducing the coulombic potential barrier.[66—68] This process elevates electrons from
the Fermi level of an electrode to the DOS tail states (Fig. 1.6). Once carriers are
raised/injected, they undergo polaronic hopping, i.e. a movement by thermally

activated jumps between different sites, similar to diffusive random walk.[19,68,69]
1.2.2.3 Carrier generation via doping

Dopants, acting as guest molecules, broaden the GDOS (Fig. 1.6C). This broadening

(A) (B) © AE DOS in doped systems

including broadening due

E to Coulombic centers

A Empty DOS E Parially filled DOS

ignorng broadening

04
Transport -
Energy

0] 0
Transport T Transport
Energy Energy

i

OoDOS

L) n(E) L) n(E) n(E)

Figure 1.6: Schematic of the effect of DOS filling in the Gaussian distribution of the hopping
states A) at low or no carriers at thermal equilibrium, B) in the presence of a space charge
obeying F-D statistics, and assuming no alteration to the DOS and C) in the presence of a

space charge assuming the broadening of the DOS due to the presence of counter ions.[69]
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results from the mismatch of frontier molecular orbitals between guest and host
molecules, depending on dopant concentration.[70] Some of the energy levels become
localized and function as traps for charge carriers. However, in the case of intentional
doping, free carriers can be generated when the energy levels are properly aligned.

In the case of p-type doping, dopant’s LUMO aligns with the host’s HOMO,
producing free holes, while in n-type doping, the dopant’s HOMO aligns with the
host’s LUMO, yielding free electrons (Fig. 1.7). If HOMO/LUMO energy levels lie
outside the bandgap of the host, the dopants might act as scattering centers, which may
also act as anti-traps by preventing trapping of charge in a localized level located
nearby.[67] They are more detrimental in dynamic disorders scenarios. In the host-
guest systems, dopant molecules often segregate on grain boundaries in polycrystalline

hosts, contributing to energetic disorder and impeding overall transport.[71]

(A)  p-type doping ®  n-type doping
Matrix LUMO Dopant LUMO
"N

N

s Matrix LUMO $
$ atrix Dopant HOMO
Dopant LUMO

Matrix HOMO

Dopant HOMO Matrix HOMO

Figure 1.4: Schematics of A) p-type, and B) n-type doping of OSCs.

1.2.3 Charge transport (CT)

Unlike their inorganic counterparts, where charge carrier mobility is governed by band
transport through crystal lattices, OSCs exhibit incoherent hopping CT. Weak Van der
Waals interactions lead to transport, closely linked to localization within the
molecules/crystal lattices,[72] and subjected to static and dynamic disorder, thus
lowering the carrier mobility to ~107 - 10! cm? V''s!. The interaction of localized
charges with molecular vibrations forms the self-localized polarons, and their transport
is described by polaronic band theory.[55] In ideally disorder-free crystalline

structures, such as single crystals, band-like transport is also observed.[69] However,

11



diverse structures and various origins of carrier localization lead to numerous diverse
theoretical models and make CT analysis in OSCs very challenging.

The conductivity, (o ) of OSC depends on concentration (n) and effective
mobility (i) of free charge carriers, o= enp.[17] Due to low mobility and low thermal
equilibrium concentration of charge carriers, the current in OSC is often controlled by

space charge formed of injected charges.
1.2.3.1 Band-like transport

Band-like transport similar to the inorganic materials was observed in OSCs in single
molecular crystals with only limited structural disorder.[73] Despite observing band-
like transport, the mean free path of charge carriers remains comparable to
intermolecular spacing, indicating only limited delocalization.[70] Due to weak
intermolecular interactions organic solids are never entirely free of disorder. Band-like
transport in OSCs is often explained by temperature-dependent mobility with an

inverse relationship p ~ T~ %[74]
1.2.3.2 Hopping transport

The CT in OSCs operates at a molecular level, involving both intra- and intermolecular
mechanisms. Intramolecular CT occurs through n-electrons within a single molecule,
while intermolecular transport arises when two molecules come into close contact,
facilitating hopping through the transfer integral of interacting molecular orbitals.[75]
This hopping, non-coherent in nature, limits the charge transport,[66] that proceeds
through localized states distributed in space and energy. The DOS is mostly modeled
by a Gaussian Density-of-States (GDOS) distribution with an energetic width o

(Fig. 1.6). At room temperature, charge carriers relax below the center of GDOS at

energy £y, = g, known as ‘activation energy’. Upon application of an electric field

or heat, carriers reach new quasi-equilibrium characterized with the transport energy
level, E, and are capable of transportation.[76] In doped systems, DOS broadening
occurs (Fig. 1.6C) due to the presence of ionized additives, resulting in lower
activation energy and increased charge carrier mobility.[69] The polaronic hopping
between localized states occurs when carriers superimpose with associated disorders.

The superimposition arises from molecular reorganization due to electron-phonon
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coupling, slowing down the transport rate. Miller and Abrahams[77] proposed a
Gaussian Disorder Model (GDM) to calculate hopping rates v;; between sites i and j
for variable-range hopping in disordered OSCs, expressing the transfer rate as function

of the distance rij between hopping sites and their energy levels Ei and Ej as:

Ei— E;
vij = vy exp(—2y7;;) x exp (— (Tj)) (1.1)
with yis the inverse localization radius related to the electronic coupling between

adjacent sites, and v, is a frequency factor.
1.2.3.3 Space charge-limited (SCL) current

Charge carriers, electrons and holes, injected from a cathode and anode, respectively,
move to the counter electrode or recombine within the layer before they reach the
counter electrodes.[82] However, if the injection rate between electrodes differs, or the
organic material exhibits only unipolar charge transport properties, the current
becomes injection-limited, resulting in a polarity-dependent current, controlled by the
energy barrier at the interface.[78—81] In organic semiconductors, due to a usually low
thermally generated free charge carrier concentration, the current is often space
charge-limited.[65,66,76,78,82,83] Spatially nonhomogeneous field alters the current
that can be expressed by the Mott-Gurney equation:[70]

]—9 66F2_9 €€ -
sH €€ g M €€o

(1.2)

The Mott-Gurney law can be derived by solving Poisson’s equation, the continuity

a3

equation, and Einstein’s relation.[84,85] Further modifications to the current occur if
the charge carrier mobility, u is field-dependent, described by P.N. Murgatroyd,

introducing an additional exponential factor (Frenkel’s field factor) as:

9 V2 0.891 3y \1/2
]=§,u660—exp<—(e ) ) (1.3)
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1.2.1.1.Influence of localized trap states on CT

Trapping of charge carriers occurs in most OSCs. Trapping of charges decreases
conductivity but after filling the tail-part of DOS by the space charge (Fig. 1.6), a steep
increase in current occurs. In OSCs, the presence of a high concentration of disorders
arises from various intrinsic and extrinsic factors. These disorders include dynamic

(diagonal) such as thermal fluctuations of site energies due to the electron-phonon
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Figure 1.8: Schematic of spatial and energy diagram of an OSC containing localized trap
states in the bad gap. The trap DOS as shallow traps (black dash) and deep traps (red dash)
lies in the band gap, close to the band edges and at center of bandgap, respectively. Blue
arrows represent MTR of a charge between transporting level and trap DOS, while orange

arrows indicate thermally-activated hopping transport between localized states.[70]

coupling and fluctuations of transfer integrals due to intermolecular interactions, or
static (off-diagonal) factors from extrinsic sources, such as chemical impurities from
synthetic remnants or chemical degradation, interfacial effects, or randomly oriented
dipoles in the system.[70,71] External impurities from dopants, nanoparticles or water,
oxygen, or bias stress also contribute to the formation of trap states. Working as
defects, trap states strongly influence CT characteristics and have a profound impact
on the performance of optoelectronic devices.[70,86]

Shallow trap DOS, located near band edges, require less energy and time for
emptying compared to deep traps situated in the center of the bandgap (Fig. 1.8).
Various spatial and energetic tools, such as electron force microscopy, scanning
tunneling microscopy, thermo-stimulated current measurement, optical-detrapping, or
calculation of electronic structures probe the presence and energetic distribution of
trap DOS.[70,87] Concentration of traps can be controlled/minimized through careful
film/crystal growth or device encapsulation, though complete elimination is not
feasible.

When a low electric field is applied, carriers are predominantly trapped. The
current density is reduced, altering the Mott and Gurney expression to be

trap-controlled:
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where 0 is the proportion of free to total carrier concentration given by:[81]
" _ Nc 3
e o nf+nt o Nt exp (kT) (15)

here, ny and n, are the concentration of free and trapped carriers, respectively. When
increasing applied voltage more traps become occupied. When reaching the trap-filled
limit voltage, V'trL, an abrupt increase in SCL current occurs is observed. An analysis
of the SCL current dependencies on field and temperature can provide insight into trap

level distribution in the energy.[12]

1.3 Photophysics in OSCs

Photoexcitation of OSC involves absorption of photon energy, which takes place
mostly on a molecular level, followed by relaxation through the manifold of electronic
and vibrational energy levels, and release of energy either through the light emission
or through non-radiative processes to heat. In a solid state, Forster resonance or Dexter
energy transfer can occur, or the excess energy can result in charge transfer, possibly
making the free charge for transport. The interplay between various energy decay
pathways is crucial for various applications; for example, in OLEDs and fluorescent
probes, enhancing luminescence efficiency is vital, while in photovoltaics &
photocatalysis, non-radiative processes prevail resulting in charge transfer.[88]
Understanding the physical processes of light absorption and emission is pivotal
for optoelectronics. Contrary to the steady-state characterization methods that provide
information on optical absorption and emission spectra, or absorption coefficient and
fluorescence quantum yield, from which the electronic structure of OSC can be
determined, time-resolved methods, like time-correlated single photon counting
(TCSPC) and transient optical absorption spectroscopy (TAS), yield closer insight into
the processes following photoexcitation. These tools are crucial for studying excited
state phenomena such as energy migration, charge separation, photochemistry,
isomerism, and intersystem crossing.[89] Upon interaction with electromagnetic
radiation, molecules undergo electronic transitions to higher electronic energy states,
forming neutral excitons considered as pairs of electrons and holes Coulombically
bound together due to strong electrostatic attraction caused by the low dielectric

constant of organic materials (~3). It makes OSCs different from inorganic
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semiconductors like silicon where free charges are generated directly upon photon

absorption.[90]
1.3.1 Excited-state transitions

Photophysical processes within a molecule are mostly discussed in the frame of a
Jablonski diagram (Fig 1.9).[91] This diagram illustrates the transitions between
electronic and vibrational states of a molecule. Upon absorption of photon, a molecule
swiftly, within a femtosecond timescale, transitions to a higher electronic and
vibrational state. This rapid process, described mostly within the Born-Oppenheimer
approximation, is attributed to the significantly lower mass of electrons compared to
the nucleus.[92]

After excitation to higher electronic and vibronic states, the molecule undergoes
an internal conversion (IC) to the lowest vibronic level (V) of the first excited
electronic Si state within hundreds of femtoseconds to a picosecond timescale, from
where it relaxes radiatively by fluorescence or by nonradiative processes.
Alternatively, the spin state multiplicity can be changed during the deexcitation
process and the state of the molecule can transfer to one of the triplet states (Ta) via
intersystem crossing (Fig. 1.9). The latter process, normally of very low probability,

may be enhanced by spin-orbital coupling in heavy-atoms containing molecules or
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Figure 1.9: Jablonski energy diagram portraying various transitions occurring within a
molecule’s electronic and vibrational states manifold upon photoexcitation. Solid lines

depict radiative transitions, while dashed lines represent non-radiative processes.
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charge-transfer complexes that show a metal-to-ligand charge transfer. Triplets can
be also generated via bimolecular processes like singlet fission (SF).

In the solid state, the excitation energy can move in the form of a neutral
quasiparticle dubbed exciton. Exciton can be localized within a single molecule
(Frenkel exciton), or on two adjacent molecules (charge-transfer exciton, or distributed
across multiple molecules (Wannier exciton).[17] In conjugated systems, the transition
occurs mainly between r and ©* orbitals, while molecules or chromophores with free
(non-bonding) electron pairs, such as carbonyl, nitro, or azo-groups, undergo a
transition between n and m* orbitals with lower transition energy.[90] For o to &

transition to occur, light excitation with higher photon energy is required.

1.3.2 Relaxation processes: radiative vs. non-radiative

Fluorescence emission occurs when the singlet exciton relaxes directly back to its
ground electronic state (S;—S;), emitting radiation with a lifetime of nanoseconds.
Compared to absorption spectra, fluorescence emission spectra exhibit a redshift,
known as 'Stokes shift' or Franck-Condon displacement.[1] In contrast,
phosphorescence emission originates from the first triplet state (T;—S,), and it is
characterized by a longer lifetime of 1 pus - 10s of seconds. The formation of the triplet
exciton involves ISC and spin-flips (Fig. 1.9), but it is less probable in common OSCs
due to spin imparity and weak spin-orbit coupling.[93] Another form of
phosphorescence emission can occur from dopants or trapping centers.[94]
Phosphoresce decay is characterized by a slow rate due to the trapping of electrons to
V, of excited triplet state, mediated by Russell-Saunders coupling.[17] If the molecule
is in the excited triplet state with some surrounding temperature, thermally activated
delayed fluorescence (TADF), might occur via reverse ISC into emitting a singlet (S1)
state, important in increasing OLEDs efficiency.[95,96] TADF has been studied in
DPP-based molecules for light amplification and efficiency enhancement of EL.[97]
Non-radiative transition involves relaxation from S; or Ti to the ground state
through internal conversion, resulting in heat release and referred to as fluorescence
quenching. Quenching mechanism is supported through static or dynamic processes,
that are influenced by factors like temperature and molecular collisions.[98] Oxygen
usually plays a role as a quencher of phosphorescence due to its triplet ground state.

Moreover, the formation of physical or chemical dimers, such as in DPP—thiophene
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derivatives, is often reported to facilitate this process.[88] Intramolecular and
intermolecular energy and charge transfer are particularly important for understanding
these photophysical processes.[99] Energy transfer, supported by the Forster or Dexter
mechanism takes place in D-A molecular systems (D*+ A — D + A*) and has an
impact on processes like photosynthesis and photovoltaics that requires generation of
long-lived excitons. This bimolecular process is important in the systems where the
direct transition from the singlet to triplet excited state is not efficient.[99]

As the absorption coefficient related to the transitions from S, to T;is very low
since the process is spin-forbidden, we need to look for the systems that can constitute
triplet formation through ISC or triplet energy transfer (TET). In the TET the energy
transits from the donor to the acceptor as an allowed process without changing spin
multiplicity. Once the donor is excited to its higher electronic state (singlet), it
proceeds from S; to T; through ISC, within the donor’s energy level followed by the
TET to the acceptor moiety, as a coupled non-radiative process, bringing the acceptor
to its triplet state represented by:

*D(S1) + A(Sp) = "D(Ty) + A(Sy) — D(Sp) + "A(Ty) (1.6)
The energy transfer follows thermodynamic and quantum selection rules of spin and

energy conservation.
1.3.3 Photon conversion

Photon conversion refers to an alteration in photon energy (wavelength) upon
interaction with material. It can be up conversion or down conversion, represented by
triplet fusion and singlet fission, respectively. Triplet fusion involves merging two
low-energy photons/excitons (triplets) into one singlet, exhibiting the anti-Stoke’s

shift. In contrast, the down conversion generates two excitons (triplets) from a singlet.

1.3.3.1 Triplet fusion (triplet-triplet annihilation)

Merging two triplets into a singlet is crucial in fluorescent or electroluminescent
devices such as OLEDs, converting IR radiation into visible light.[100] At first, the
sensitizer absorbs low-energy photons followed by the ISC to triplets, which are then
transferred to annihilator by triplet-energy transfer (TET), followed by their fusing and
formation of singlet (S;). From the singlet state the fluorescence emission of higher-

energy photons. For the process to be efficient, a sum of two triplets’ energy must be
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higher or equal to that of a singlet, i.e., 2T; > S;. DPP-based molecules have been
studied as annihilators in triplet fusion process favored by their lower exchange

energies.[101]
1.3.3.2 Singlet fission (SF)

SF is a photon down-conversion process wherein a singlet exciton excited by a high-
energy photon splits spontaneously into two lower-energy triplet excitons. First
observed in 1965 in anthracene crystals,[102] SF has brought significant interest in
energy transfer processes, important for solar cells, by reducing thermal losses, thus
potentially overcoming the Shockley- Queisser limit.[103] Theoretically, this provides
the possibility of a formation of doubling the excited state population. After absorption
of one photon, one singlet exciton Si is directly photogenerated and splits into two
triplet excitons T1 in a process involving two adjacent molecules making thus the
efficiency of the process up to 200 %.[104] As an intermediate state, an intermediate
correlated triplet pair state !(TT) is rapidly formed after photoexcitation that later
dissociates to two independent triplet excitons. Energetically, the sum of two triplets'
energy must be lower or equal to that of the singlet.[105]
Si+So=YTT) = T, + T, (1.7)

The SF rate is significantly influenced by the morphology of the layers,
highlighting thus the importance of deposition parameters. Favorable materials for SF
include molecular aggregates, covalently-linked dimers, biradicaloids, and aromatic
heterocycles like DPP derivatives and anthracene molecules.[102,106,107] For
example, Mauck CM. et al.,, studied the intermolecular packing variation in
polycrystalline thin films and its direct effect on singlet fission efficiency on DPP
derivatives using different alkyl substitutions without changing the aromatic core,

where the efficiency value was ranging between 70-200 %.[106]
1.4 Dipolar relaxations in macromolecular systems

Electrical transient phenomena are influenced by molecular dynamics that can be
studied via dipolar relaxation. The dielectric relaxation is commonly elucidated in the
frame of the Havriliak-Negami (HN) relaxation that accounts for asymmetry and

broadening of the dielectric spectrum:[108]
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Here, @ is an angular frequency of applied AC electric field, ¢, represents the
permittivity at high-frequency limit (f — o), with Ae = g, — ¢, denoting the energy
dissipation and gq is the low-frequency limit (static) permittivity. 7y denotes the
central relaxation time of the distribution function, @ and £ are the constants related
to the asymmetry and width of the relaxation spectra. The real part of the
permittivity, £ (@), reflects the capacity to store energy, while the imaginary
component, £'(®), accounts for the energy dissipation within the medium.[109] For
the experimental data analysis, a reciprocal value of complex permittivity is often
plotted, termed as Modulus, M*(w), gives more visible changes in relaxation behavior,
akin to mechanical shear and tensile moduli.[110]

The dynamics of localized movements, such as segmental mobility in
polymers, are associated with phenomena like glass transition temperature or
a- relaxation. Cooperative reorientation of chain segments, influenced by entropic and
enthalpic factors, leads to the transitions from glassy to rubbery states.[111] Secondary
transitions, like f— and y — relaxations, involve stretching or rotational mobility of
small polar molecular units or atoms. The Normal-Mode (1-) relaxation describes slow
chain relaxation in polymers, involving long-range motions of the end-to-end dipole

moment vectors that are parallel to the polymer main chain.[110]
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Figure 1.10: A) Typical Arrhenius plots for various relaxation processes in polymer,[110]
and B) schematic of Nyquist plot of the complex impedance. R; and R; indicate parallel and
serial resistance, respectively, and L and C; represent the inductance and capacity,

respectively.
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In composite materials, and in conducting composites, Maxwell-Wagner-
Sillars relaxation is usually observed at lower frequencies, which occurs in
heterogeneous systems due to differences in the electrical conductivity of the
composite fractions. The accumulated charges at the interface create a localized
electric field, influencing the overall polarization response of the material.

The relaxation time (1) reflects the interactions between dipoles to their
surrounding. Dipoles subjected to stronger hindrances from their surroundings exhibit
longer 7, particularly as temperatures rise. Hence, this duration is directly linked to
factors such as solvent viscosity in solutions, molecular packing (amorphous or
crystalline), and rotational stiffness in solid state. Its temperature dependence is

described by an Arrhenius-type equation:
Eq
7(T) = 7yexp (k—T) (1.9)
Here, 7, denotes the pre-exponential factor, which ideally approaches 1 ns, and k is

the Boltzmann’s constant.[55] The activation energy, E,, for relaxation is determined
from the slope of the Arrhenius plot log (7) vs (%) (Fig. 1.10A). E, in the range of

100 to200 kI mol! is linked to highly restricted conformational motions,
i.e., a-relaxation, whereas a lower E, suggests other localized motions like f— and
y — relaxations.
For the impedance analysis, a scheme is frequently used consisting of a capacitor,
C, resistor, R, and inductor, L, in serial or parallel connection. For a single relaxation:
1

Z(@) =R+ (1.10)

Nyquist plot is employed as a graphical representation with a plotted real and
imaginary part of impedance function, in the x and y axis, respectively, forming a
semicircular arc on a complex plane (Fig. 1.10B). For a purely resistive component,
only the real part appears, manifested as a point along the real axis. The radius of the
semicircle is determined by the product of R and C, where the shape and amplitude of
the semicircular arc provide information about the resistance, capacitance, and

dielectric properties of the materials.
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1.5 Operation mechanisms of electronic devices under study

1.5.1 Memristor

Memristor, a memory resistor, is a two-terminal device that dynamically alters its
resistance in response to electrical stimuli, tracking its resistance relative to current or
electric charge passing through it previously.[112] Recognized as a fourth fundamental
passive circuit component, it links electrical charge (q) to magnetic flux (¢@). Its
capacity to switch between conducting states and retain them makes it as a promising
candidate for memory applications. They are current-controlled or voltage-controlled

devices, depending on the input source.

(A) (B) Ai(A)

MEMRISTOR
Neither stores CHARGES,
Nor stores ENERGY,

BUT
Stores the INFORMATION!

Figure 1.11: A) Schematic of a memristor defining its functionality, B) pinched hysteresis

as a device fingerprint with variable x(t) is inversely proportional to frequency f.[113]

Unlike traditional methods relying on charge or energy, this innovative
technology utilizes changes in layer conductivity for information storage
(Fig. 1.11A).[114] With the co-location of memory and chips, memristors offer in-
memory computing with minimal energy consumption. The definition of memristor
involves specific criteria, including its characteristic pinched hysteresis loop in a
double-valued Lissajous figure of the current-voltage plane [V (t) vsi(t)], for all
times, t, except when it passes through the origin.[113,115,116] As excitation
frequencies rise, the area of hysteresis loops should decrease monotonically,

converging to a single-valued function at infinite frequency (Fig. 1.11B).
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1.5.1.1 Memristor characteristics

A memristor relates charge (q(t) = f_twi(r) dr) to the flux linkage (¢(t) =

f_toov(z') d 7)) through the memristor equation as:[112]

U

¢(q
_v® _ Tar _ $@
M(q(®) =5 =g = o (1.11)
dt

—

Here, M (q (t)) represents memristance, akin to resistance with unit ohms (Q2), but

dependent on the charge passed through it. Eqn. 1.11 elucidates the voltage- or
charge-controlled nature of the memristor. If M does not vary, it behaves like a resistor.
Despite criticisms regarding memristors’ classification as 4™ fundamental passive
circuit element, their inability to be constructed from a combination of basic circuit
elements validates its status.[117]

The first realization of the memristive device was reported by Strukov et
al.,[118] at HP Labs, employing a linear ion drift model in a TiO2-based active layer.
According to this model, the layer resistance alters due to a voltage-induced migration
of oxygen ions. By reversing the voltage polarity, the device is reset back to the
undoped state, resetting the conductivity of the layer to its original value (OFF-state).
With the ON-state (full or highly doped device) and OFF-state (fully or highly
undoped device), with resistance in each state, Ron and Rorr, respectively (Fig. 1.12),
the effective resistance at a given time, t, was calculated considering the state variable,
x (t). With the proposed linear drift model and considering the device in OFF-state

(i.e., Rony K Rorr), the effective resistance (memristance) at a given time is:
®) R
M (q ©)F5 = Ropr (1- 022 q(0) (1.12)

where p is the mobility of oxygen ions. This equation satisfies the memristive model

Ron (W/D) L% (1'\|,3V)

Undoped
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D

Figure 1.12: Schematics of HP memristor model.[118]
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that is based on a linear drift of ions.[116] Additionally, the non-linear model was
developed by Joglekar and Wolf [11], considering the boundary condition for non-

linear distribution of the electric field inside the memristor, described as:
® R
M (q ()52 = Ropr (1 - 122 q(0)f () (113)

f(x) is known as a window function that considers the non-linear model of memristor.
1.5.1.2 Contemporary memory and computing architectures

Contemporary information technology (IT) relies on the digital functionality of
integrated circuits (ICs) for data storage or computation, employing resistors,
transistors, and capacitors. Electronic memory serves as a fundamental component for
storing retrievable digital data within a specific timeframe.[119] This compact unit
efficiently interacts with the central processing unit (CPU). These memories are
broadly categorized into volatile and non-volatile types, based on their ability to retain
data.[120] Volatile memories, such as dynamic random-access memory (DRAM) or
static random-access memory (SRAM), lose data when power is turned off.
Conversely, non-volatile memories, like write-once read-many times (WORM) or
rewritable (flash) memory, retain stored information even without a continuous power

supply. WORM memories possess the unique capability of permanently retaining data,
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Figure 1.13: Schematics of A) type of electronic memories, B) floating gate MOSFET, and

C) Von-Neumann computing architecture.
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making them suitable for disposable electronic circuits or archival purposes.[119,120]
DRAM, the main computer memory, relies on continuous power or periodic refreshing
pulses to maintain data. SRAM, although faster and more reliable is less scalable and
costlier, limiting its application only to high-speed systems like cache and
buffers.[120] Erasable programmable read-only memory (EPROM) employs a
floating-gate transistor array for permanent charge storage data, making it factory
programmable (Fig. 1.13A).[119]. In contrast, electrically erasable memory,
EEPROM, enables electrical encoding of data and reprogramming. Flash memory and
EEPROM feature memory cells resemble a standard MOSFET with two transistor
gates: a floating (FG) and a control (CG) (Fig. 1.13B).[72,120] Charge carriers trapped
on FG affect transistor behavior allowing for logical state manipulation, storing data
of 1 bit per cell, unlike multi-level cells that can store more than one bit in a single
cell.

Using MOSFETs for memories and computing involves complex circuitry,
multilayer systems, and multiple power sources. Moreover, it requires separate data
storage and computing units necessitating data transfer between them (Fig. 1.13C),
consuming significant energy and time. This traditional computing architecture faces

the von-Neumann bottleneck,[121] prompting to exploration of alternative solutions.

1.5.1.3 Resistive random-access memories (RERAMs)

Given the circuitry complexity, scalability, and operational bottleneck described
above, current research is predominantly focused on ReRAMs that operate based on
switching conductivity between high- (HR) and low-resistance (LR) by memory
setting and resetting, respectively. Sandwiched between top and bottom electrodes,
ReRAM provides simple and cost-effective fabrication potential using roll-to-
roll (R2R) printing on a flexible polymeric substrate.[5] Additionally, its scalability
and 3D multilayer stacking capability offer high-density data storage and efficient
operation, allowing for packing more bits in a single cell. By utilizing ReRAM, the
drawbacks of von Neumann computing, such as physical data movements via a bus,
can be overcome through in-memory computing, where memory and computing occur
in the same location, facilitated by memristors.

Additionally, the memristor possesses intriguing features of analog computation

and synapse-mimicking functionalities. In fact, analog computers have historically
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played a pivotal role in scientific analyses, tasks such as forecasting atmospheric
conditions and predicting natural phenomena like eclipses and tides.[122] In 1956, the
introduction of the perceptron by Frank Rosenblatt at Cornell University marked a
significant milestone in machine learning, laying the groundwork for artificial neural
networks (ANNs) and the development of Al algorithms.[123—125] However, the rise
of digital technology, driven by MOSFETs,[126] led to the dominance of binary
operations and the conversion of all signal storage and processing into digital
counterparts, despite the high energy consumption and processing limitations.

In contrast, analog computing systems offer high efficiency at significantly lower
costs and power consumption (1/1000" of digital computing).[127,128] Despite their
advantages, challenges such as compatibility issues with modern hardware, poor cyclic
reproducibility in multilevel output between 0 and 1, and the need for additional
regulators like ASPINITY, have been identified.[122] The emergence of memristors
has renewed interest in brain-inspired analog computing.[123] Memristor devices,
resembling the neurons and synapses, exhibit conductance changes with external
signals such as electric/magnetic or optical pulses, crucial for mimicking neuronal
training. By manipulating the amplitude and frequency of input voltage pulses, the
control over electrical charge linkage to the flux can be modulated on an analog basis.
Decreasing the cell area to a sub-nanometer scale can further minimize the operation
power. The existence of intermediate states, decay profile, state retrieval, and their

strengthening with repeated pulses signifies the device's capability of synaptic
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Figure 1.14: A) Schematic diagram of crossbar memory array illustrating the stacking of
top and bottom electrodes, B) schematic of mapping operation via matrix multiplication

used for image recognition.
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functionalities such as competitive Hebbian learning.[129-131]

Analog computing has been already used for image recognition.[128] The
dynamic range of the synaptic device, defined as the ratio between maximum and
minimum conductance should be maximized for better accuracy in weight mapping.
Memristive arrays forming neural networks (Fig. 1.14B) have demonstrated
exceptional efficacy in handling cognitive processes and data-intensive tasks, even

surpassing human performance in specific complex activities.

1.5.1.4 Neuromorphic computing:

Memristor-based neuromorphic computing, mimicking the brain functionality, offers
computation directly within memory chips, eliminating data transfer. The Forecast
predicts the global neuromorphic computing market to surpass US $ 20 billion by
2030, driven by an annual growth rate exceeding 21 %.[132] It has found already
practical use in event-driven scenarios like facial/handwriting recognition, weather
prediction, stock market analysis, and speech-to-text transcription. This computing
employs a unique architecture of a crossbar array of memory unit cells, sandwiched
between perpendicularly aligned top and bottom electrodes (Fig. 1.15A) and, similar
to ANN, it facilitates simultaneous vector-matrix multiplication of all inputs in a single
output operation Fig. 1.15B.[128] An NXM memristor crossbar can perform an
Nx(NxM) vector-matrix multiplication in one read operation, as the sum of individual
cell operations determined by Ohm's and Kirchhoff's laws.[133] This computation
highlights the inherent parallelism of memristor-based hardware.[23] This crossbar
helps to minimize the device size via 3D stacking and at the same time not restricted
to the binary switching of layers; instead, can be carried out with controlled weight
modulation like conductance adjustment (Fig. 1.15B).[125] The presence of multiple
synaptic levels, i.e. multimode conductance, enhances the adaptive learning and

modeling capability.

1.5.1.5 Resistive switching (RS) mechanisms

The current in OSC is governed by injection-limited or bulk-controlled phenomena, as
discussed in section 1.3. The resistive switching (RS) in memristors can be attributed
to various factors as the formation and rupture of conductive filaments (CFs), valance

changes, charge trapping/de-trapping, molecular conformational changes, or of the
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carrier transport barrier under external electrical stimuli.[115,134—136] These effects
rely on factors like the method of synthesis, selection of metal electrodes, the geometry
of the active region, and interface properties.[137] Within insulating or metal oxide
layers, the movement of metal ions leads to the formation of conducting filaments
within the bulk of the active layer. Polymers and semiconducting materials can exhibit
the formation of charge transfer complexes, which occurs mostly in donor-acceptor
systems, conformational changes, phase transitions, redox reactions, and the formation

of trap-assisted space charge in the bulk or at the electrode interface.[138]
Role of trap-assisted SCLC and field-induced conformational change:

In materials with low electrical conductivity with good injecting contacts the current
is frequently limited by space charge and influenced by trapping of charges in localized
trapping levels. Filling these traps at elevated voltage leads to a steep increase in
conductivity.[139] Once the voltage reaches the so-called trap-filled-limit voltage
value, V1rL, all the traps are filled, and the current increases steeply (Fig. 1.15A).
Moreover, the Poole-Frenkel mechanism can also play a role as explained in the
previous section. If the barrier between the electrode Fermi level and the
charge-transporting energy level of the OSC is sufficiently high, the F-N tunneling
mechanism can occur at an appropriate electric field.

On the other hand, vinyl or polyimide-based polymers with carbazole or other
charge-transporting groups arranged as a comb-like structure in the side chains exhibit

a distinct switching mechanism compared to other polymer materials.[ 140—142] The
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Figure 1.15: A) I-V characteristics of PCaPMA thin-film in ITO | PCaPMA | Al
sandwiched structure illustrating three different conduction sections: Ohmic, trap-
controlled SCLC, and trap-filled SCLC.[87] B) Schematic of voltage-induced

conformational change of molecules through their functional units.[143]
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carbazole moieties can be linked to the backbone through spacers of various rigidity
or lengths that have an impact on the ON/OFF conductivity ratio and volatility.[141]
In the OFF state, these functional units are randomly oriented or only partially
oriented. However, upon the application of an electric field, they tend to adopt a face-
to-face ordered structure, resulting in conformational-induced electrical switching
(Fig. 1.15B).[141] In acene-based polymers, electric field-induced intramolecular
structural changes within their conjugated system have also been reported. Moreover,
redox properties of the functional unit together with the control of localized states play

a crucial role in memory switching and non-volatility of the conducting state.[144—

146]
Redox-based switching and formation of charge-transfer complex:

Redox-based memory switching is based on the ability of organic materials to undergo
reversible changes in their oxidation states.[147] By altering their electronic
configurations when changing their oxidation states, these materials can modulate
electrical conductivity, either gradually for analog change, or abruptly for binary
operation. The reversibility of redox reactions allows the memory device to undergo
repeated ON-OFF cycles. Transition metal oxides, organic redox-active molecules,
certain D-A molecules, and metal-ligand coordinated frameworks are all promising

candidates for redox-based memristive switching.[12,74,143,147—-149]

(A) (B) . .
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@ 0<8<04 — ® Neural Molecular solids — M____.
¥ Mixed-valance compoun
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Charge-transfer | - - CT state with high stability: WORM
—»@ Tonic salts (coluombic) CT state with modest stability: Flash
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+ - Anion-radical speci .
€A (Reduced)m @ 10n-radical Species Unstable CT state : DRAM or SRAM

Figure 1.16: Schematic representation of A) formation of ion-radical species and charge
transfer complexes with an impact on conductivity,[12] and B) formation of charge transfer

complex changing the memory state.[143]
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A charge transfer complex also referred to as a D-A complex, can be formed via
electronic transition(s) and partial charge transfer from the donor to the acceptor
moiety upon the applied voltage.[12] Similar charge transfer complexes are found in
metal-ligand coordination complexes, known as organometallic charge transfer.[150—
152] These systems are extensively studied for their potential applications in non-
volatile organic memories. Charge transfer complex can be intramolecular or
intermolecular, and it can be adjusted by modifying the size and ionization strength
(IS) of individual moieties that determine the ionic binding and conductivity (Fig.
1.16).[12,143] The formation of a strong dipole moment in a polymer typically
sustains the conductive charge transfer state, resulting in non-volatile behavior

(Fig. 1.16B).[143]
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Figure 1.17: Schematic representation of the formation and rupture of filaments in the active

layer sandwiched between two electrodes.

Filament formation in resistive switching occurs due to the migration of metallic ions
or oxygen vacancies within the switching layer under bias.[153—155] Ions from one
electrode diffuse into an active layer, forming CFs. Applying opposite polarity
ruptures these filaments, returning the device to the original OFF-state (Fig. 1.17).
Various methods, such as measurements of current density, in-situ TEM, AFM, and

IR imaging using a thermal camera, were used to confirm the effect.[87,156,157]
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1.5.2 Organic field-effect transistors (OFETs)
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Figure 1.18: Schematics of OFETs A) bottom-gate-bottom-contact (BGBC) and, B) bottom-
gate-top-contact (BGTC) structure.

OFET is a tree-electrode device having source (S), drain (D), and gate (G) electrodes
(Fig. 1.18). Two sets of current-voltage characteristics characterize the OFET
properties: output characteristics show the dependences of the source-drain current,
Isp, on the source-drain voltage, V'p, with the various gate voltage, Ve, and transfer
characteristics show the Isp vs. V¢ dependences for various Vp. Additionally, the
current through the gate electrode can be measured to obtain a leakage current. There
should be ideally zero Isp current for Ve = 0. From the output and transfer
characteristics, key parameters such as mobility (1), threshold voltage (Vm), and
current ON/OFF ratio (Ion/Iorr) can be determined.

Two regions can be distinguished in the current-voltage characteristics:[158]

linear region: for Vp < VG, a linear approximation holds, given by Eqn. 1.19:
w Vp?
Ip yin = fCiH(VG = VpVp — % (1.14).
saturation region: for Vp > Vg and Eqn. 1.20 applies as:
w
ID_sat = ZCiU(VG - VT)2 (1-25)
Here, W and L are the channel width and length between the source-drain electrodes,

respectively, and C; is the capacitance per unit area. The charge carrier mobility can

be obtained either by differentiating the linear part of the transfer characteristics as

L Jlpiin
WC;Vp Vg

Hin = (1.26)

or from the slope of the ,/Ip_, vs. I dependence. The mobility depends on many

factors like free charge carrier concentration, electric field, and temperature.

31



Electric field, as described by the Poole-Frenkel approximation, has a direct
impact on mobility as the field modifies the potential barrier and tunneling rate
between transport sites.[19,25] However, a reverse effect has been observed in single
crystals along the directions of the applied field, showing the band-like transport.[22]
Crystals formed by n-conjugated small molecules in the herringbone-like arrangement
often facilitate 2D transport.[159] This signifies the effect of crystal anisotropy on
mobility as documented by differences between dip-coated and spin-coated layers of
TIPS-pentacene.[160] Crystals aligned perpendicularly to the S-D electrodes
(i.e., parallel to the direction of CT) exhibit higher mobility compared to parallel
alignment.

Some dielectrics, particularly those with polar groups like hydroxyl or cyano-
groups tend to create trap DOS in the OSC active channel due to the charge-dipole
interaction. This adverse effect can be minimized by crosslinking or by self-
assembling a monolayer (usually silane) on top of the dielectrics.[160-162] OFETs
can be fabricated with various device geometries, but the most common are those with
bottom-gate-top-contact (BGTC) or bottom-gate-bottom-contact (BGBC) (Fig. 1.18).
With the current charge carrier mobility of some OSCs reaching up to 20 cm?V!s™!
OFETs show electrical parameters already comparable to amorphous silicon.[163,164]
They found practical applications in AMOLED displays, RFID tags, and sensors for
health monitoring. Recently also some more advanced applications of OFETs have
occurred, such as memory and adaptive devices, or electronic elements working as

artificial neuronal synapses.[25,164,165]
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2. Materials and Methods

Conductivity change (Al)
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2.1 Materials

Various materials for synthesis and characterization were used for the Thesis.
Many synthetic precursors and reagents like PdCl2(PPhs)s and malononitrile were
obtained from Precmet (Australia) and TCI (Germany), respectively. Compounds like
2-(tributylstannyl)-1,3-benzoxazole, 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)thiophene-2-carbaldehyde, and 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione, were purchased from Alfa Chemistry, AKSci and Combi-Blocks
(USA). All chemicals were employed without further purification. Substrates
including glass, ITO-coated glass, and sapphire were purchased from Ossila Ltd
(Netherlands), and quartz from Prézisions Glas & Optik GmbH (Germany). Solvents
used for synthesis and preparation of samples for electrical and optical measurements,
like dimethyl sulfoxide, acetonitrile, chloroform, chlorobenzene, dioxane, ethanol,
methanol, and ether, were sourced from P-LAB (Prague, Czech Republic). Similarly,
compounds like N-bromosuccinimide, Al2O3, Pd(PPh3)4, 2-ethylhexyl bromide, and
salts, such as tetrabutyl ammonium hexafluorophosphate (n-Bu4NPF6), lithium
perchlorate (LiClO4), K2CO3 and Na2CO3 were sourced from PENTA (Czech). The

compounds used for the device fabrication are described by category below:
2.1.1 m -Conjugated small molecules

n-Conjugated small molecules, with typically planar, disc-shaped symmetrical
structures, such as 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene),
perylenes diimide (PDI) and thiophene-diketopyrrolopyrrole (TDPP) derivatives have
been used as active layer for various optoelectronic characterization.[17,160,166,167]
Despite being bonded together by weak van der Waals forces, these molecules often
form crystalline or polycrystalline structures with CT properties close to band
transport. However, they often face challenges such as self-aggregation, leading to
their poor solubility. Other preparation methods such as PVD have to be employed.
TIPS pentacene (Fig. 2.1A), a p-type semiconductor possessing a high mobility
(~ 0.92 cm?/Vs), features extended m-conjugation.[17,160] This compound was
obtained from Ossila Ltd. The substituent bridged with the ethynyl group yields the
material an increased solubility. During solidification, it facilitates face- to- face

stacking and prevents oxidative degradation of the central acene.[168]
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Figure 2.1: Molecular structure of A) 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS
pentacene), B) thiophene-diketopyrrolopyrrole (TDPP) derivatives, C) perylene diimide
derivative (PDI)

Conversely, PDI is an n-type n-conjugated semiconductor (Fig. 2.1C). It was
purchased from Centrum organické chemie, Rybitvi, Czech Republic. PDI derivatives
are widely used in organic electronics, due to their low-lying energy levels, high carrier
mobility, large extinction coefficient, and excellent stability.[169]

For the photophysical studies, symmetric TDPP derivatives with diverse functional
end groups were synthesized. Two groups (Fig. 2.1B), published in ChemPhysChem
(Attachment 1) [167] are presented here. The synthesis involved Suzuki-Miyaura
cross-coupling and Knoevenagel condensation with TDPP-Br as a source material

used for obtaining the studied derivatives.[167,170,171]

2.1.2 Semiconducting polymers

A high-mobility D-A copolymer, poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolo
pyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPPDTT) (Fig. 2.2A),
used in our study was acquired from Ossila Ltd.[166] This material exhibits good
solubility, flexibility, and chemical and thermal stability which makes it suitable for
applications in flexible electronics.[172,173] This polymer is made of monomers
containing bulky core unit, DPP, and thieno-thiophene (TT) side groups that minimize
the bandgap and enhance planarity favorable for hole mobility. Good miscibility with

small molecules enables the formation of composite systems. In this thesis, DPP DTT
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Figure 2.2: Molecular structure of A) 2- poly[2,5-(2-octyldodecyl)-3,6-diketo-
pyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene) | (DPPDTT), B) poly(N-
(3-(9H-carbazol-9-yl)propyl)methacrylamide (PCaPMA) & C) polyvinylcarbazole (PVCa).

was studied in OFETs and ReRAM devices, both individually and as a composite
system with PDI (Attachment 4).[166]

Carbazole-based polymers have been extensively studied for decades mainly
due to their photoconductivity.[216] In this thesis, polymers with saturated backbone
and charge-transporting carbazole units attached as side groups were studied mainly
for their memristive properties.[87,131] Poly(N-(3-(9H-carbazol-9-yl)propyl)
methacrylamide (PCaPMA) was synthesized using three steps of monomer
preparation,[87] followed by a radical polymerization. The details of synthesis
together with the structural characterization are reported in Attachment 2.[87]
Polyvinyl carbazole (PVCa), purchased from BASF Aktiengesellschaft, was used for

the comparative study.

2.1.3 Polymer dielectrics, crosslinkers, and passivators

To fabricate OFETs, various polymer dielectrics were used and their effect on device
performance was studied. Polymers like polyvinyl phenol (PVP) and
poly(vinylalcohol-co-vinylcyanoethoxy) (CEPVA) were employed as dielectric layer
due to their high dielectric constant (¢") and low conductivity (¢’). In CEPVA, despite
having high &’ (~ 15), its low glass transition temperature (Tg~ 19 °C) creates problems
with mechanical stability already at room temperature. To overcome this problem,
crosslinking was applied using various crosslinkers listed in Fig. 2.3B.[174]
Crosslinking also proved to be beneficial by reducing the hydrophilicity of the layer

surface by minimizing hydroxyl groups that usually occurred as the residues from
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Figure 2.3: Chemical structures of used A) dielectrics, and B) used crosslinkers and

C) self-assembled monolayer.

polyvinyl alcohol during synthesis. Moreover, trimethoxy(2-phenylethyl) silane
(PETMS) was used as a self-assembling monolayer (SAM) to passivate the dielectric

surface reducing the trap DOS caused by the presence of polar groups from dielectrics.

2.2 Device preparation

2.2.1 Preparation of active layers

Thin films of the required thickness (usually 30 nm — 1 pm) were prepared mainly
using spin coating, dip coating, or physical vapor deposition (PVD). Before layer
deposition, the substrates were cleaned in an ultrasonic bath subsequently with soap
water, de-ionized water, acetone, and isopropanol, each for 15 minutes, followed by
drying with compressed nitrogen gas and ozone cleaning for 20 minutes. The layer
thicknesses were determined using a profilometer (for film prepared with solution
casting) or followed in-situ during deposition by quartz-crystal microbalance (for
PVD). Solution processing deposition techniques (dip-coating, spin-coating, or screen-
printing, Fig. 2.4A-B) were mainly used for polymer layer preparation from solutions.
The dip-coating technique is very useful to control the size and orientation of crystal
domains. In this technique, the substrate emerged vertically into a solution, followed
by its withdrawal at a rate of 4 mm/min at ambient laboratory conditions.[160] The
thickness and morphology of the layer can be well-controlled by using different

concentrations of solution, revolution/withdrawing speed, and
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Figure 2.4: Schematic of thin film preparation using A) dip-coating B) spin-coating C)
screen printing, and D) physical vapor deposition (PVD) method.

volatility/viscosity of the solvent used for solution preparation. With spin-coating,
crystal orientation could not be controlled but the layers are usually more homogenous.
Screen-printing is a facile and cost-effective method proposed for film
preparation in flexible substrates. The layer-by-layer printing is highly effective in the
manufacturing process where the thickness of the layer can be effectively controlled
by solution concentration and pressure applied on the printing blade (Fig. 2.4C). This
is superior to other solution casting techniques as it is more material-efficient for layer
preparation on an industrial scale without wasting the material. However, controlling
the homogeneity in ultra-thin layers on a sub-nm scale is challenging. For layer-by-
layer casting, the use of orthogonal solvents for different layers or crosslinking of the
bottom layer is mandatory to avoid the dissolution of the previously cast layer.[175]
Physical vapor deposition (PVD) offers an alternative way of thin layer

preparation when low-molecular-weight materials lack solubility. In PVD, materials
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transition from solid-state to gas phase and condense at the substrate, yielding an ultra-
smooth, highly homogenous layer (roughness ~1-3 nm) with crystallinity controlled
by evaporation rate. Minilab 060 evaporator (Moorfield, UK) operating under ultra-
high vacuum conditions (of 3x107 mbar) was used for thin film deposition from
organic materials and metal electrodes (Fig. 2.4D). The vacuum environment prevents
oxidation at a high temperature and ensures the purity of deposited layers. Lateral
structuring is achievable using a shadow mask. Deposition rate, substrate temperature,
and sample holder rotation speed influence the film quality. A slow deposition rate
(~0.3-0.5 A/s) and substrate rotation (~10 rpm) were found to yield smooth organic
layers. Film thickness was monitored with a quartz-crystal microbalance. Post-
deposition treatment (temperature or solvent annealing) of layers was carried out to

increase the crystallinity of the layers.

2.2.2 Device fabrication

2.2.2.1 Fabrication of ReRAM devices:

The ReRAM devices (Fig. 2.5) were fabricated by sandwiching an organic layer
between the ITO bottom electrode (BE, ~100 nm) on the glass substrate and Al or Au
top electrode (TE, ~100 nm) deposited by PVD using a shadow mask. The ITO
electrodes were chemically etched to an appropriate pattern (usually 2 mm strips). The
organic low-molecular-weight materials were deposited by PVD, while polymer films

were mostly cast from solution. Active cross-sections varied between 2 & 0.15 mm?.

R
Wa%e layer
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Figure 2.5: Structures ReRAM device with active layer sandwiched between the top

electrode, TE, and bottom electrode, BE.
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2.2.2.2 Fabrication of OFETs

(A) (B)
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Figure 2.6: Structures of A) individual substrate, left and right, respectively purchased from
Ossila.ltd, & Fraunhofer Ltd.,[176,177] for OFET testing, B) schematic of BGTC

structure.

Two types of OFET structures were fabricated: bottom-gate bottom-contact (BGBC)
and bottom-gate top-contact (BGTC) (Fig. 2.6). For BGBC, silicon chips with heavily
doped silicon gate electrodes and 200-300 nm thick thermally grown SiOx dielectrics
were used, either manufactured by Ossila Ltd., or by Fraunhofer Ltd., both with
deposited S-D electrodes on dielectrics. BGTC configuration of the OFET featured an
organic dielectric layer (PVP or CEPVA, thickness 100-800 nm) cast on a glass|Al or
polyethylene-terephthalate (PET)|Al substrate. Al electrodes (thickness 60-100 nm),
acting as a gate, were PVD-deposited and subsequently anodized electrochemically in
an electrolyte made of 3 weight % electrolytic solution of trisodium citrate dihydrate
and citric acid (9:1 ratio) in deionized water and ethylene glycol (1:1 ratio) applying
20 V. The procedure provided about 32 nm thick AlOx. Polymer dielectric layers were
thermally crosslinked using various crosslinkers listed in Fig. 2.3B. The ratio of
polymer and crosslinker was 4:1 and crosslinking was done at 120 °C in a vacuum
oven, pressure 100 mbar, for 2 h.

In some OFETs, surface passivation (silanization) of dielectrics was carried out
prior to the OSC deposition, using trimethoxy(2-phenylethyl) silane (PETMS) cast
from solution. In BGTC, Au S-D electrodes were deposited by PVD.
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2.2.2.3 Fabrication of device for spectro-electro chemical measurements

For the spectro-electrochemical measurements, glass | ITO (100 nm) | active layer
(50 - 100 nm) | gel electrolyte (150 um) | ITO (100 nm) | glass structures (Fig. 2.7)

were fabricated. The active layer was prepared in the same way as used for fabricating
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Figure 2.7: Schematic of device used for spectro-electrochemical studies glass | ITO |

active layer | electrolyte layer | ITO | glass and the measurement setup.

memristive devices. The gel electrolyte was prepared by gradually adding and stirring
lithium perchlorate and polymethyl methacrylate, 10 g each, in 55 ml of polypropylene
carbonate until the transparent solution was formed. Air bubbles formation was

prevented during fabrication.

2.2.3 Device characterization

2.2.3.1 Optical characterization:

UV-vis absorption and fluorescence spectra were obtained in solutions and on thin
films using a spectrophotometer Lambda 950 (PerkinElmer, USA) and FS5
fluorimeter (Edinburgh Instruments, UK), respectively. Temperature dependences of
the spectra were measured in a water-cooled Peltier (PTP1, PerkinElmer, USA) sample
holder. For thin films with higher opacity, an integration sphere was employed.
Fluorescence emission spectra were recorded at multiple excitation and emission

wavelengths to assess material purity/homogeneity.
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FSS spectrometer with SC-30 integrating sphere was used for the fluorescence
quantum yield measurements. These measurements were performed on dilute
solutions with maximum absorbance below 0.05 to avoid any reabsorption effect. The
same solvent used for solution preparation was used as a reference. The QY was then

calculated by integrating the area under the spectrum using the equation:

22 12
_ fll IE_Solution_fﬂl IE_Ref

QYobs -

2.1)

[7215 Sotution=J,2 Is Ref
Where, I and I represent emission and scattering intensity, respectively, and 4; and
A, denote spectral selection limits.

Fluorescence lifetime was determined using the time-correlated single photon
counting (TCSPC) technique using FluoTime 300 (PicoQuant, Germany) connected
to a Solea excitation source at 80 MHz repetition rate. The instrument response
function (IRF) was around 200 ps full width at half maximum. For NIR-emitting
materials, a PMT detector with voltage ranging from 700 to 900 V was employed.

Transient absorption spectroscopy (TAS), referred to as the optical pump-probe
technique, is an efficient tool for investigating the dynamics of molecules in their
excited state and the subsequent reaction or product formation. It involves pumping
samples with intense laser pulses and measuring their relaxation processes through the
course of optical absorption with low-intensity probe light. TAS yields real-time
insights into phenomena like internal conversion, excited state migration, charge and
energy transfer, new chemical species formation, charge-separated states, and energy
transfers.[178]

For femtosecond pump-probe spectroscopy measurements, a setup consisting of
with Mantis (Coherent, USA) seeded regenerative amplifier (Legend Elite, Coherent,
USA) was used (Fig. 2.8). The laser setup provided pulses with 2.1 W power at a 1
kHz repetition rate centred around 800 nm [159] and probe beam (430-830 nm) was a
white light continuum generated on a 3 mm CaF2 or sapphire crystal. The pump beam
was generated by a commercial optical parametric amplifier (TOPAS C, Lithuania).
The pump beam was of Gaussian profile with a diameter (1/e?) was 80 um while the
probed beam was elliptical, with diameters of ~210 and ~330 pm. A magic angle
(54.7°) polarization was maintained for the measurements. A typical IRF was around
150 fs. For the nanosecond flash photolysis, a pump beam was generated using Nd:

YAG laser (Surelite SL I-10, Continuum, USA) operating at a repetition rate of 10 Hz,
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Figure 2.8: Schematic of pump-probe laser setup for TAS measurements.

while the probe beam was electronically synchronized with an output of a femtosecond
amplifier (800 nm, Legend Elite, Coherent, USA) operating at 20 Hz.

Solutions were measured in a 2 mm cuvette under continuous stirring. Thin films
were measured using a translation stage and a relatively lower pump power to
minimize fluence-dependent processes such as singlet-singlet annihilation,
photodegradation, or influence of long-living states.

The measurements were performed in a transmission mode measuring the

change in the layer absorbance 44 before and after excitation:
P
AA = log (= 22
g (%) 22)

where, P, and P; are the power of the probe laser beam transmitted by the sample

before the pump pulse and at the delay time t after the pump, respectively.

Ground State
Bleaching (GSB)

Figure 2.9: Schematic of TA spectrum (dash and dot line) and its components: ground state

bleach (GSB), stimulated emission, and excited state absorption (ESA).
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The TAS spectrum (Fig. 2.9) encompasses the negative signal of ground-state bleach
(GSB) caused by the decrease in ground-state absorption and stimulated emission, and
positive signals of excited-state absorption (ESA).[178] The ESA can be caused by
optical transitions from an excited state to a higher excited states. ESA can also result
from other processes like charge transfer states or photoreaction products.[178,179]
Raw transient absorption data were background-subtracted, chirp-corrected, and
analysed using Glotaran software package.[180] Data obtained from femtosecond and
nanosecond pump-probe experiments were analysed using Global Analysis, a method
extracting information about the excited- state dynamics. This technique performs a
simultaneous fit to an entire dataset using a model based on a set of differential
equations describing various processes like energy/charge transfer and ISC.[181] The
related parameters and rate constants were then optimized with the initial and final
populations of the excited states to obtain the best fit for the experimental data using
techniques like least-squares fitting or maximum likelihood estimation.[182] The yield

of the triplet population was determined using the singlet depletion method.[183]
2.2.3.2 Broadband dielectric (relaxation) spectroscopy

Broadband dielectric spectroscopy (BDS) measurements were conducted using a
Novocontrol Broadband Dielectric Spectrometer (Novocontrol technologies,
Germany), equipped with an Alpha frequency analyzer and QUATRO temperature
controller, operating with 0.5-1 Vac and within frequency and temperature range of
102107 Hz and -100 to 220 °C, respectively. In both increasing and decreasing
temperature ramps, 10°C/min was maintained followed by 2 min stabilization before
each measurement.

BDS is a powerful tool for impedance analysis in a wide range of temperature
and frequency. Besides giving information on complex permittivity, i.e. dielectric
constant and electrical conductivity, this method allows for the examination of various
dipolar relaxations or charge carriers transport mechanisms. It also provides
information on structural conformation changes and polymer segmental motion.[184]

Through the changes in the complex permittivity frequency spectrum with
temperature, it effectively detects phase transitions like glass transition, melting, or
crystallization, known as primary transitions.[55] Additionally, it can detect localized
relaxation mechanisms, such as the rotational or waggling motion of side-groups or
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end-groups of macromolecules, referred to as secondary transitions. This technique is
particularly sensitive to the motion of polar groups, such as -C=0, -C-OH, and -C-N-
H, providing insights beyond those offered by conventional thermal analytical
methods like differential calorimetry.[108]

With BDS, usually the complex capacitance C* is measured in dependence on

angular frequency, @, and temperature, T, defined by the equation:

C() = & ()5 (2.3)
where, £ is the complex permittivity and €o is the permittivity of vacuum, 4 and d,
are the area and thickness of the measured cell, respectively. From the complex

permittivity, other parameters can be calculated, like conductivity

o' (w) = gwe'(w) (2.4)

and modulus, M* = 1/&°, which were used for the characterization of charge transport

and relaxation phenomena.
2.2.3.3 EC and SEC characterization

Cyclic voltammetry was acquired on active materials deposited on ITO|glass as a
working electrode, using an AMEL s.r.l. potentiostat (Italy). A 0.1 M electrolytic
solution of n-BusNPF¢ or n-BusClO4 in acetonitrile was used, with Pt and Ag | AgCl
wire serving as counter and reference electrodes, respectively. As an internal reference,
a 10 mM ferrocene solution was used in the same electrolyte. For SEC measurements,
the same sandwiched structure as the memristive system was used but covered with an
additional ITO | glass as TE and a gel electrolyte layer between the active layer and
TE (Fig. 2.7). The spectral measurement was performed following a voltage

application for 10 s to allow for completion of redox processes within the layer.
2.2.3.4 Electrical characterization

Electrical characterization of memory devices was performed using a Keithley 2602 source
meter (Keithley Instruments, USA), in the air or inside a vacuum chamber (turbomolecular
pump, Pfeiffer Vacuum GmbH, Germany) controlled by a HAAKE F6 thermostat (Thermo
Haake, Germany). Voltage sweeps from 0 V to £ Umax Was applied repeatedly in cycles, with

voltage polarity referring to the ITO BE. Temperature dependences were measured inside a
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vacuum at various temperature ranges and sweeping rates, allowing the proper time for the
sample to thermally stabilize before performing each measurement. For synaptic plasticity
measurements, voltage-induced multimodal changes in resistance were measured, mainly the
current as a function of time, frequency, and amplitude of electrical trigger pulses.[131] These
measurements were performed on the same devices used for digital memory characterization.
For the analogy to neuronal synapsis behaviour, TE and BE were assigned as pre-synaptic
and post-synaptic neurons, respectively. Two types of voltage-sweeps were applied to
confirm the analog property: continuously increasing/decreasing sweep-based (0 - £ 0.5 V)
and fix pulse-based (usually trigger pulses of £ 0.5 V), in a given number of cycles. The
continuous change in device conductance was probed by a reading pulse of 50 mV, applied
after a very short time-interval, At of 10 - 20 ms, after each trigger pulse. The polarity-
dependent change in device conductance was attributed to potentiation and depression of
neuronal synapses.

For the characterization of field-effect transistors, the same electrical setup was
exploited, with the second channel of Keithley 2602 serving as a power supply for the
gate electrode. Both output and transfer characteristics, in air and in an inert
atmosphere, were measured with a sweep rate of 0.5 Vs™!. The field-effect mobility (p)

and threshold-voltage (V1) were extracted from the transfer curves.
2.2.3.5 Surface profilometry

Tencor P-17 stylus profilometer (KLA, USA) employing a 2D or 3D scan or
atomic force microscope (AFM) operating in the tapping mode (OTESPA-R3, Bruker)
at a resonance frequency of 150 kHz, to find out the surface profile (roughness) and
film thickness in A to nm range. For the 3D scan using a profilometer, a slow scan-
speed of 2 um/s, 2000 Hz bandwidth, and a scanning density of 1 line per 500 nm was

used.
2.2.3.6 Other characterization methods

Attenuated total reflectance Fourier-transform infrared (ATR FTIR) spectroscopy was
used to characterize the bonding configuration or chemical composition of the
materials. Polymer thin films cast on Al foil were recorded using a Nicolet Nexus 870

FTIR spectrophotometer (ThermoScientific, Canada), in an ATR Golden Gate unit
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(Specac) equipped with a diamond prism and a controlled heated top plate in a dry-air-
purged environment. This technique operated in an energy regime is sensitive to
intramolecular bonding-deformation excitations, including vibrations, rotations, and
stretching modes. For in-situ temperature measurements of PCaPMA, the spectra were
recorded at 5 °C steps in the interval 25 — 100 °C, and at 10 °C steps between
100-150 °C, followed by cooling of the sample in 10 °C steps.

X-ray Diffraction (XRD) patterns were collected using a high-resolution Explorer
diffractometer (GNR, Italy) with a Mythen 1K strip detector, operated at 40 kV and
30 mA. The measurements were performed under the CuKa radiation using Bragg -
Brentano geometry, in a 20 range, with a 0.05° step and a step time of 10 s. The peak
deconvolution was carried out using the Fityk 1.3.1 program.[185]

'H and 3C NMR spectra were recorded at 400 and 100 MHz at 25 °C with a Bruker
AVANCE III 400 instruments equipped with BBO/Prodigy cryoprobe. Chemical
shifts are reported in ppm relative to TMS signal. The residual solvent signal in 'H and
3C NMR spectra was used as a reference (CDCl3 7.25 and 77.23 ppm). Apparent
resonance multiplicities are described as s: singlet, d: doublet, and m: multiplet.

Gel permeation chromatography was obtained on a Shimadzu HPLC (Kyoto, Japan)
chromatograph equipped with a PDA detector. Thin-layer chromatography was conducted
on aluminium sheets coated with silica gel 60 F254, with visualization using a UV
lamp (254 or 360 nm).

Differential scanning calorimetry (DSC) curves were measured using a DSC
calorimeter Q2000 (TA Instruments, USA) at a scan rate of 5 °C/min in a nitrogen
environment. This technique was utilized to measure the heat flow of a sample as a
function of temperature through which the thermal transitions such as glass transition
temperature, crystallinity, and melting properties of the materials can be investigated.

Thermogravimetric analysis (TGA) of the organic materials was carried out on
thermogravimetric analyser, Pyris 1 TGA (PerkinElmer, USA) in the temperature range
35-800 °C at the rate 10 °C min™! with the fixed air flow rate at 25 mL min™",

Wettability (surface energy) of the substrates and organic layers was characterized using
a contact angle method, measured as an angle between the edge of the liquid drop (usually
water ~3-5 puL) and the substrate/layer surface. Contact angle goniometer OCA 20
(Dataphysics, Germany) equipped with SCA 21 software was used for the measurement, and
the profile was fitted using the Young—Laplace equation.
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3. Results and Discussion
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3.1 Photophysics of TDPP derivatives: Insights into ultrafast

processes

This part of the study is based on:

Y.R. Panthi, A. Thottappali, P. Horakova, L. Kubac, Photophysics of benzoxazole and dicyano
functionalised diketopyrrolopyrrole derivatives : Insights into ultrafast processes and the triplet state,
ChemPhysChem. 25 (2024) ¢202300872.

https://doi.org/doi.org/10.1002/cphc.202300872 (Attachment 1) [167]
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3.1.1 Overview of the study

Thiophene-diketopyrrolopyrrole (TDPP) molecules have been recently extensively
researched in the field of OSCs due to their remarkable stability, strong optical
absorption, and ease of synthesis.[186] TDPPs, featuring a D-A molecular structure,
exhibit an efficient intramolecular charge transfer facilitating low-energy photon
absorption extended to the NIR region.[159] Through a proper molecular design, the
derivatives of TDPPs can facilitate efficient m-n stacking. This approach allows for a
precise energy level adjustment through functionalization and alkylation at various
positions of the core of the molecule, offering many opportunities for tailoring the
structure-to-property relationship required for the targeted optoelectronic
applications.[187,188] Such structural engineering can not only mitigate nonradiative
losses but it can also enhance the diffusion length of excitons by extending their
lifetime.[189,190] Understanding the photophysics of TDPP molecules is crucial for
managing excitonic processes such as triplet fusion, temperature-activated delayed
fluorescence, and singlet fission (SF), pivotal in optimizing organic photovoltaic
devices.[100,191-194] Particularly in the context of SF, the TDPPs present intriguing
prospects as the process efficiency can be modulated by the molecular structural
modification through alkylation or functionalization and by tuning the sample
morphology by some suitable post-processing method like the solvent vapor or thermal
annealing.[107,195,196]

Studying the photophysics of individual molecules in dilute solutions and in
their aggregated state offers insights into the underlying processes of observed
phenomena. For instance, investigating triplet ISC formation in solution establishes a
direct structure-property relation on a molecular level.[197] For some processes, like
for the SF, the formation of dimers is crucial and can be achieved in a polar

medium.[198,199] However, analysis of such interactions in solid-states is a complex

_CN

Figure 3.1: Chemical structure of TDPP derivatives, R-BOX & R-TCN (Attachment 1).
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issue due to numerous close-range interactions.[200] Conformational heterogeneity
further complicates the analysis, highlighting the importance of studying these
processes first in a solution phase.[201]

In this work, photophysical processes were studied in two monomeric TDPP
molecules, terminal-functionalized with different acceptor groups, benzoxazole
(-BOX) and thieno-dicyano (-TCN) (Fig. 3.1).[167] Variation in acceptor group
affinity significantly influences the energy levels of molecules, leading to a
pronounced red shift extended into the NIR region. Altering the steric hindrance
imposed by various end groups changes the molecular geometry, and the
intermolecular interaction and consequently affects the photophysical properties.[190]
To conduct a comparative analysis, steady-state and ultrafast transient absorption
spectroscopy techniques were performed on these TDPP derivatives in both

chloroform solutions and thin films.

3.1.2 Results and discussion

3.1.2.1 Steady-state spectroscopy and TCSPC
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Figure 3.2. Steady-state absorption, emission, and excitation spectra of TDPP derivatives in
A) chloroform solution and B) thin film. C) Fluorescence decay of both derivatives in

C) solution and D) fluorescence decay of R-BOX in thin film (Attachment 1).
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Both TDPP derivatives, R-BOX and R-TCN, in chloroform solution and thin-film,
display strong absorption in the visible region, indicative of m-n* type transition that
extends to NIR region due to the intramolecular charge transfer between the thiophene
donor and DPP acceptor moiety, typical for such conjugated TDPP
derivatives.[106,159] In solution, both materials exhibit well-resolved vibrionic
features, with a similar but mirror spectral profile of absorption and emission spectra.
Compared to R-BOX, the R-TCN derivative exhibits a large red-shift in thin film

compared to the solution.

Table 3.1. Spectroscopic parameters of TDPPs in solution and thin film (Attachment 1).

TDPP Aabs  Aems E Stol:es’ shift* ?Y T, Try
(mm)*  (nm) (Mem")  (em™) % (ms) (ps)
. R-BOX 620 645 45000 670 52 34 46,35
Solution .
R-TCN 700 755 61000 1400 <20 0.6 5,700, inf.
Thin R-BOX 660 - - - ~5 04 -

Film R-TCN 810 - - - - - -

Aqps - absorption peak; A,,,.- emission peak; € - molar extinction coefficient at the maxima; QY -

fluorescence quantum yield; 7 - fluorescence lifetime from TCSPC; 77, - lifetime from transient

absorption; inf. = non-decaying lifetime (infinite).

2 Calculated after converting the spectra to its transition dipole moment representation [202];

P Lowest energy vibrational shoulder.
Stoke’s shift, and shorter fluorescence lifetime compared to R-BOX, are explained by
the larger conjugation length and by the presence of the stronger electron-
withdrawing - CN groups.[171,203] The overlap of the excitation spectrum with the
absorption spectrum confirms the electronic coupling of respective states (Fig. 3.2A).

In thin film, a significant red-shift and loss of vibrational features occur due to

the superimposition of intramolecular modes within the broad band, indicating
conformational locking and electronic coupling between adjacent molecules.[200]
This phenomenon is primarily attributed to improved crystallization during
solidification, leading to a delocalization of excited states, which is dependent on
sample preparation-induced morphology.[107] In R-TCN, fluorescence emission
cannot be measured due to the absorption in NIR region, originating possibly from J-
aggregates.[200] In contrast, R-BOX exhibits single exponential fluorescence decay
independent of emission wavelength, confirming spectroscopically homogenous thin
film, albeit with small excimer-like characteristics. Additionally, the emission lifetime
is decreased to 0.4 ns, almost an order of magnitude lower than that of the solution,

suggesting the presence of additional nonradiative channels in the system.
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3.1.2.2 Femtosecond pump-probe spectroscopy:

The study investigates the photophysical characteristics of TDPP molecules under
different excitation wavelengths. In solution and upon excitation at 625 nm, both
molecules demonstrate transient absorption (TA) features across the entire probe range
(440-820 nm). These features comprise a positive signal representing excited state
absorption and negative features corresponding to the ground-state bleach and
stimulated emission, with an overall peak at 635 nm and 735 nm in R-BOX and R-TCN
respectively, as the weighted sum of two components.[204]

In the R-BOX solution, spectral characteristics remain predominantly stable
within a 5 ns window, exhibiting a minor red shift in the stimulated emission region
early after photoexcitation. In R-TCN, TA spectra resemble its steady-state absorption
spectra, but with significant red shifts and band broadening with increasing time,
accompanied by the prominent spectral evolution of the dynamic Stokes shift over the
initial 10 — 15 ps, particularly in the stimulated emission region, indicative of excited
state processes(Fig. 3.3C-D).[205] Pumping the sample at 625 nm, i.e. with an excess
of the vibrational energy, triggers this evolution akin to vibronic processes.[206]
Excitation at the red edge of the absorption band (at 725 nm), i.e. at the lower

vibrational level results in a relatively smaller evolution, affirming this hypothesis.
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Figure 3.3. Spectral evolution of R-BOX (top panel) and R-TCN (bottom panel) in
(A) solution and B) thin film with pump at 625 nm (Attachment 1).
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A more pronounced effect was in R-TCN compared to R-BOX, showing the structure-
dependent nature of the vibrational evolution. Considering the chemical structure, R-
TCN incorporates flexible functional groups with an increased rotational degree of
freedom while R-BOX features only cyclic units as end groups, potentially imposing
higher steric hindrance and limiting structural flexibility. Consequently, it likely
facilitates structural alterations upon excitation, transitioning the molecule from its
unrelaxed state to a highly stable configuration over time. This study underscores the
role of excess vibrational energy on structural dynamics, influenced by molecular
flexibility, driving spectral evolution.

In contrast to their behavior in solution, thin-films of both materials display
long-time spectral features consistent with the occurrence of triplet states (Fig.
3.3B).[167] Assuming that the long-term transient spectra originate in triplet
absorption, exciting at 625 nm and using the pump energy of 18 nJ/ pulse, R-BOX
would show ~110 % triplet yield, that varied depending on the pump wavelength and
excitation laser beam fluence. For instance, doubling the pump power results in 6 times
increase in the yield. When excited in the UV region, namely at 340 - 400 nm, the
same laser beam fluence enhanced the yield by 3 to 4 times. The pump-dependent
yield, coupled with the calculated value exceeding the theoretical limit, suggests a

detrimental impact on the supplied energy.
3.1.2.3 Triplet state and spectral contribution from heat

In order to assess heat dissipation artefacts caused by high-energy pump pulses, [207—
209] temperature-dependent steady-state absorption spectra were recorded within the
range of 20-35 °C (Fig. 3.4). At high pump density, processes like singlet-singlet
annihilation (SSA) can diminish the yield of triplet generation. Additionally, the
conical crossover may accelerate this process. These processes potentially lead to
unintended heat generation, driven by the excess energy from the excitation to higher
excited states.[209,210] We showed that these differences show features very similar
to the TA spectra recorded in a longer time-scale, even with a low pump density of
7x10'7 photon.pulse’.cm™. These features were observed in all studied TDPP
derivatives (not shown in this thesis). Measurements of thin films on sapphire
substrates, which offer superior thermal conductivity and, hence, enhanced heat

dissipation [167,211] exhibited faster signal recovery in the nanosecond timescale,
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Figure 3.4. The difference in steady-state absorption spectra of (A) R-BOX thin film at
different temperatures with respect to the spectrum recorded at 20 °C, and (B) the difference
between steady-state absorption spectra of R-TCN recorded at 35 and 20 °C (blue)
compared to the TA spectrum after 5 ns delay (red; scaled to the strongest signal)

(Attachment 1).

with no significant differences observed in the picosecond range. It suggests that laser-
induced heat may potentially obscure signals in longer delay times, where triplet
absorption is usually observed. These findings show the complexity of the
interpretation of transient spectroscopic data obtained under high pump densities and

the importance of mitigating heat-induced artifacts for reliable analysis.
3.1.3 Summary

Two TDPP derivatives under study, R-BOX, and R-TCN, characterized by extended
conjugation and differing in electron-withdrawing end groups, exhibited typical DPP
spectroscopic features, with R-TCN displaying strong NIR absorption and a higher
redshift from solution to thin-film phase. Using ultrafast optical pump-probe
spectroscopy, the excited-state phenomena in picosecond to nanosecond timescale
were elucidated. R-TCN demonstrated significant structural evolution alongside
vibrational effect, converting a notable portion of ~20% of excited singlets to triplets,
indicating efficient inter-system crossing. Conversely, in R-BOX, a simplified excited-
state dynamic, devoid of intermediate states was studied. In both molecules, long-time
signals resembling singlet fission were observed in thin films; however, direct
comparison to their temperature-dependent steady-state spectra led to the conclusion
that these signals likely originate from laser-induced thermal artifacts. Identifying the
triplet state in solution provides valuable insight into engineering DPP molecules,

particularly for applications related to triplet states facilitated phenomena.
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3.2 Organic memristors: Electronic memory and emulation of

synaptic plasticity

This part of the study is based on:

A. Y.R. Panthi, J. Pfleger, D. Vyprachticky, A. Pandey, M.A. Thottappali, I. Sedénkova, M.
Konefal, S.H. Foulger, Rewritable resistive memory effect in poly[N-(3-(9H-carbazol-9-
yl)propyl)-methacrylamide] memristor, J. Mater. Chem. C. 11 (2023) 17093-17105.
https://doi.org/10.1039/d3tc03394e. (Attachment 2)[87]

B. Y.R. Panthi, A. Pandey, A. Sturcova, D. Vyprachticky, S.H. Foulger, J. Pfleger, Emulating
Synaptic Plasticity with Poly[N-(3-(9H-carbazol-9-yl)propyl)methacrylamide] Memristor,
Mater. Adv. 5 (2024) 6388—6398 (2024).
https://doi.org/10.1039/d4ma00399¢ (Attachment 3) [131].

C. Pfleger, I.; Panthi, Y. R.; Paruzel, B.; Kubag, L.; Cerny, J.; Pfepisovatelny elektronicky
rezistivni pamétovy element, UZITNY VZOR CZ 32526 U1, 2019,
(Attachment 4);[166] and,

D. The study of memristive effect in composite system of DPP-DTT and PDI, (manuscript under

preparation).
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3.2.1 Overview of the study

In this chapter, two carbazole-based polymers were investigated, namely
poly-[N-(3-(9H-carbazol-9-yl)propyl)methacrylamide] (PCaPMA) and polyvinyl
carbazole (PVCa); and a polymer composite comprised of DPP-DTT copolymer with
PDI filler in several ratios, namely 1:0, 9:1, 4:1 and 2:1, respectively. First, these
materials were used in two-terminal sandwiched structures, demonstrating their
functionality as ReRAM. The studied systems exhibited binary resistive switching,
leading to nonvolatile electronic memory behavior when applied bias exceeded a
threshold limit, Vr. Below VT, the devices showed multimodal resistance changes,
resembling synaptic behavior.[87,131] The ReRAM properties of PCaPMA were
compared with commercial polymer, polyvinyl carbazole (PVCa), to understand the
role of side groups on memristive behavior. In the case of the DPP-DTT composite,
binary resistive switching, nonvolatility, and the ability to mimic synaptic plasticity
are dependent on the composite composition. We studied both DPP-DTT and PDI
materials are good charge transporting materials,[172] exhibiting pronounced field-
effect behavior when incorporated in an active channel of OFETs, & demonstrating
high charge carrier mobilities.[169,212] These materials are of significant interest in
many organic electronic applications but have received limited attention in memristive

studies yet.[213,214]

3.2.2 Results and discussion

3.2.2.1 Material and layer properties

The polymer PCaPMA was synthesized via radical polymerization (Fig. 3.5). The
monomer was prepared by a three-step synthesis inspired by the known process of
diamine substitution with aliphatic groups.[215] The details of the polymer synthesis,
its  structural characterization, the fabrication of sandwich structures
ITO | PCaPMA | Al or Au, are reported in Attachment 2.[87] This polymer (Mw =
6000) exhibits good thermal stability with a glass transition temperature Tg ~ 150°C,
and excellent solubility in common organic solvents. Due to its high solubility, this
polymer forms homogenous, pinhole-free films, as confirmed by AFM and
profilometry measurements. It exhibits a semi-crystalline structure confirmed by

several relatively wide peaks at X-ray diffractograms (XRD) (included in attachment)
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Figure. 3.5: Synthesis of the N-(3-(9H-carbazol-9-yl)propyl)methacrylamide (CaPMA) and
its radical polymerization to PCaPMA (Attachment 2).

with 20 = 6.76°, 12.30°, 19.86°, corresponding to d-spacing of 13.1 A, 7.2 A, and
4.5 A, respectively, with the last one representing m- m stacking of carbazole
groups.[216] XRD peaks in PVCa powder are similar to those in PCaPMA, except for
the first (6.76°), albeit narrower and more pronounced, implying more ordered
alignment between polymer chains. In powder form, the degree of crystallinity[217]
was found to be 51.6% and 40.6 % for PVCa and PCaPMA, respectively. The non-
volatile memory behavior was supported by structure stabilization by physically
crosslinked hydrogen bonds between the amide and carbonyl groups.

DPP-DTT and PDI exhibit p-type and n-type mobility, respectively, along with
their good solubility, stability, and flexibility. XRD recorded on the thin film of all
composites (not shown here) showed a similar pattern to pure DPP-DTT, suggesting a
homogenous dispersion of PDI molecules within the layer of DPP-DTT without
altering its lattice. The layers are polycrystalline, with XRD peaks at 4.6°, 9.0°, 13.1°,
and17.7°, indicating interplanar distances (d-spacing) 19.4, 9.8, 6.7, and 5.0 A,

respectively.
3.2.2.2 Optical properties

The UV-vis optical absorption and fluorescence emission spectra of PCaPMA and
PVCa, dissolved in DMSO and cast as thin films on quartz substrates, are presented in
Fig. 3.6, normalized to their respective maxima. Only vibrionic peaks of the lowest
electronic transition in the spectral region above 300 nm are shown, originating from
the m—n* ('A — 'Lv) transition of carbazole chromophores, aligned with the short axis

of the carbazole molecule.[87,218] Compared to PVCa, the polymer PCaPMA
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Figure. 3.6: UV-vis absorption (red) and emission spectra (blue) of a) PCaPMA and b)
PVCa in thin films (solid lines) and solutions (dashed-lines) (Attachment 2).

displayed a slight spectral shift towards lower energy, with a minimal shift from
solution to solid phase. The fluorescence emission spectrum of PCaPMA demonstrated
mirror symmetry with absorption spectrum and a smaller Stokes shift, attributed to a
smaller mutual on-chain chromophore interaction. The fluorescence peaks correspond
to vibrionic structure of the m—n* optical transitions of carbazole monomers, notably
lacking excimer emission found in PVCa.[219,220]

In the solid state, PCaPMA exhibited an increased Stokes shift and a more
intense 0-1 band, indicating structural changes in the excited state. PVCa in dimethyl
sulfoxide solution showed intense monomeric emission and weak mutual interaction
between chromophores, which intensified in the solid state due to sandwich-type
mutual interactions between carbazole groups.[220] PCaPMA's spectra lacked this
excimer emission due to its less ordered structure. Differences in optical spectra
between PCaPMA and PVCa in thin layers were attributed to different packing of
carbazole molecules rather than electronic effects observed in alkyl-substituted
carbazoles. Higher flexibility of PCaPMA and bulky side chains decreased

chromophore concentration, lowering the probability of excimer formation.

3.2.2.3 Electrochemical study

The cyclic voltammograms of PCaPMA, PVCa, DPP-DTT, and PDI thin films
deposited on ITO-coated glass substrates were recorded using ITO as a working
electrode, Pt wire as a counter electrode, and Ag | AgCl rod as a reference electrode.

Acetonitrile solution of n-BusNPF¢ was used as an electrolyte. The CV curves,
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Figure 3.7: Cyclic voltammogram (CV) of A) PCaPMA and PVCa and C) DPP-DTT and
PDI films cast on the ITO | glass; B) and D) energy diagrams of materials and electrodes.

Scan rate 20 mV/s sweep direction indicated by arrows (Attachment 2).

recorded with a scanning rate of 20 mV/sec, are depicted in Fig. 3.7A. In PCaPMA,
the anodic scan exhibits an oxidation peak at ~1.37 V with an onset at about 0.81 V,
while in PVCa, the onset occurs at ~0.92 V. Similarly, DPP-DTT displays a distinct
oxidation peak, whereas PDI exhibits a more dominant reduction peak. The energy
levels were then calculated using:
Eromo = _[ERED_ONSET — ERep_onseT, Fer T 4-8] (3.1)
Enomo = —|Eox_onssr — Eox_owser, rer +4.8] (3.2)
Here, Eox onser and Ergp onser denote the onset oxidation and reduction potential,
respectively. The onset potentials of the ferrocene/ferrocenium ion couple,
Eox onserrer a0d Ergp onseT, Fer» T€spectively, were measured against the Ag|AgCl

reference electrode under the same conditions as for the tested organic materials.
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For DPP-DTT, the energy positions of the LUMO and HOMO were determined to be
-4.0 and -5.3 eV respectively, resulting in the energy bandgap Eg =1.3 eV. For PDI,
the LUMO and HOMO were observed to be -3.6 and -5.7 eV with the bandgap
Eg=2.1eV. The energy values obtained in our experiment are consistent with
previous literature reports for DPP-DTT and PDI derivatives.[221-223] The HOMO
levels of PCaPMA and PVCa were determined to be -5.23 and -5.34 eV, respectively.
In these polymers, the LUMO positions could not be measured electrochemically, they
were derived from the respective HOMO positions and the bandgap obtained from the
Tauc plot of the optical absorption spectra. Using this approach, the LUMO positions
of -1.72 eV and -1.81 eV, were obtained for PCaPMA and PVCa, respectively.

3.2.2.4 Electrical characteristics

The DC current-voltage (I-V) characteristics of sandwich devices containing an active
layer made of PCaPMA, PVCa, and DPP-DTT: PDI composites are shown in Fig. 3.8.

The measurements were conducted at room temperature in the dark, and in a vacuum,

pressure 10" Pa.
Bistable conductance

Current-voltage characteristics were measured with voltage sweeps ranging from 0 to
+ Umax, and back to 0 V as shown in Fig. 3.8. All devices exhibited bistable switching

behavior between a high resistance state (HRS) and a low resistance state (LRS).
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Figure 3.8: Current-voltage (I-V) characteristics illustrating bi-stable switching of
A) ITO | PCaPMA | Al, B) ITO | PVCa | Al and C) ITO | DPPDTT: PDI composites | Al,
in a sandwiched layer. HRS and LRS stand for high- and low-resistance states,
respectively, Ve and Vieser denote the threshold voltage in which the resistance changes

to LRS and HRS, respectively (Attachment 2).
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Compared to PVCa, polymer PCaPMA, and composite layers displayed bistable
conduction, exceeding two orders of magnitude in current in LRS compared to HRS.
With ITO grounded and voltage sweep in a positive direction, the current increased
from the HRS to the LRS when the applied voltage reached a threshold value (V). In
some cells, the setting and resetting processes were continuous, leading to negative
differential resistance (NDR), particularly at fast scan rates. For most of the devices
with 100 nm thick active layer, Vr ranged from 2 to 5 V.

In most of the samples, setting a compliance limit (IcL) proved to be beneficial
to prevent any possible electrical breakdown. PCaPMA with Au TE had higher OFF-
state current and lower Vr corresponding to a lower energy barrier between the HOMO
level of PCaPMA and the work function of gold, compared to ITO (Fig. 3.7 A). In the
composite systems, no direct dependency of Vr was observed with varied PDI content;
however, the value of OFF-state current decreased with the increased PDI content.
The dynamic switching characteristics of ITO | PCaPMA | Al (Fig. 3.9A) were tested
with £ 5V as setting and resetting voltage, respectively, and 0.5 V applied for reading
the device conductivity in both HR and LR states. The devices exhibited electrically
stable responses over 200 write-read-erase-reread (WRER) cycles, with a high degree of

reproducibility. Moreover, the devices remained stable for hours when the current was
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Figure 3.9: Testing the memory behaviour in ITO | PCaPMA | Al, with A) dynamically
repeated write-read-erase-reread (WRER) cycles, B) persistence of both ON and OFF states
under constant applied voltage of 0.5 V, and C) volatility test in different time intervals
without power supply in between. Voltage pulses are shown in red (top panels), and the
corresponding current response is in black (bottom panels). W: writing (setting), E: erasing

(resetting), Ron and Ropr: reading in the ON and OFF state respectively (Attachment 2).
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measured in both ON and OFF states with a continuously applied reading voltage of

0.5V, keeping the current ON/OFF ratio higher than 100.
Multimodal conductance change: Mimicking neuro-synaptic plasticity

Voltage-induced resistance changes were analysed via current-voltage (I-V)
characteristics of ITO | active layer | Au or Al devices, simulating synaptic effects of
action potentials. Trigger pulses (10 ms, 500 mV) were used to induce conductance
modulation, monitored by -50 mV read pulses of 50 ms duration (Fig. 3.10A). These
findings align with the magnitudes of action potential seen in the human
brain.[144,224] When repeated pulses were applied to TE, the current increased
continuously, signifying the long-term potentiation of the device. As the conductance
increase was caused when the bias was applied to the TE, this electrode is considered
to be an analogy of the pre-synaptic terminal, and the current is referred to as an

excitatory post-synaptic current (EPSC).[14,225] Conductance increase was observed
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Figure. 3.10. A) Schematics of pulse setup for the measurement of analog changes in device
conductance, B) Potentiation/depression (P/D) cycle showing conductance change in
ITO | DPP- DTT: PDI composite | Au device with 100 consecutive DC pulse scans of each
polarity and C) 150 P/D cycles in ITO|PCaPMA | Au device illustrating good
reproducibility (Attachment 3).
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over 200 consecutive pulses, representing a synaptic potentiation. After 100
pulses the current started to saturate. It is analogical to synaptic properties
known as long-term potentiation, indicating the saturation of learning.[226]
Reversing the polarity of pulses caused the current decrease, like the synaptic
depression) in neuronal synapses. In the ITO | PCaPMA | Au device, the
conductance changes were found to be reproducible over 150 cycles
(Fig. 3.10C) at room temperature without a marked degradation.

In devices with the composite (DPP-DTT: PDI) active layer, similar
synaptic properties were observed. Higher PDI content (4:1 or 2:1 ratios) led to
a more pronounced plasticity. In either system, no significant signal degradation
was noted over 100 measured cycles, confirming the good reproducibility and
stability of the devices.

With both, PCaPMA and composite active layers, the changes were more
prominent in the case of Au TE. With Al TE, devices had similar but much
smaller changes. Repeated cycles displayed consistent behavior, reaffirming the
memristor's potential to emulate cognitive processing akin to neural synapses.
The potentiation/depression was observable even with trigger pulses + 100 mV. With
an increased trigger pulse the current changes were bigger, while the longer time delay
between pulses induced smaller current changes. The current change usually tends to
saturate after 100 pulses. These overall effects mirror the functionality of biological

synapses.[227]
Memory transition and associative learning

As illustrated in Fig. 3.11 A, stimulating the ITO | PCaPMA | Au device with
trigger pulses at a frequency below 1 Hz, the conductance relaxes to its initial
levels between subsequent triggers, akin to short-term potentiation (STP),
resembling memory fading after weak stimulation in biological systems.
Triggering at a frequency above 1 Hz, each subsequent stimulation partially
preserves the conductance from the previous stimulation, mimicking long-term
potentiation (LTP) and leading to a transition from short-term memory (STM)
to long-term memory (LTM). This transition occurs progressively with

increasing frequency, facilitating rapid LTP evolution.
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Figure. 3.11: A) Progression of conductance changes during stimulation by trigger
pulses at different frequencies: 0.1 Hz (left) and 3.3 Hz (right). The inset shows a
diagram of learning and memory retention during the rehearsal process.[228]
B) Schematic of the Pavlovian learning algorithm utilized to stimulate dog, and B)

experimental observation in ITO| PCaPMA | Au device with the voltage trigger as

0.0

conditioned stimulus (Attachment 3).

exceeded biological level but the effects were observable also at lower
amplitudes, although with a reduced signal-to-noise ratio. These results

underscore the potential of these devices to emulate memory processes and

mimicking learning, required for Al development.[25,229]

Paired-pulse facilitation/depression and spike-timing-dependent plasticity

Paired-pulse

facilitation/depression (PPF/PPD)

analysis aims at

understanding of short-term plasticity, explaining temporal dynamics of
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conductance changes in response to dual stimuli. PPF represents a phenomenon
observed in most chemically transmitting synapses, where the second of two
closely followed excitatory pulses induces an enhancement in the amplitude of
the post-synaptic response. Conversely, PPD occurs when the second stimulus
diminishes the response, indicating a weakening of synaptic transmission.

Stimulation of the conductance was performed using a pair of trigger
pulses with randomly varying inter-spike time interval At. A1 and A2 denote the
current monitored by the reading pulses after 5 ms following the first and second
stimulation pulse, respectively. For PPF, the amplitude A2 was enhanced
compared to Ai, while A2 was suppressed for PPD. This change defines the
PPF/D index, which was calculated for 45 pulse pairs with randomly varying
intervals, At obtained by using the following equation:[230]

Aq

PPF/ D index (%) = X 100% (3.3)

The dependence of the PPF/D index on At is shown in Fig. 3.12.A. Before each
PPF/D measurement, the sample was left to relax for 5 min without any
excitation. Decreasing the interval between pulses enhanced the memory effect
of the pre-spiking pulse on the subsequent one. The obtained values were then

fitted using the double exponential function, following the equation:
PPF/D index = Cy + C,e Y™ + C,e V" (3.4)

where ti are the decay times and Ci are the corresponding weight constants of
two processes determining the decay profile. The short-term and long-term time
constants are obtained to be 79 and 730 ms for PPF and 35 and 280 for PPD.
These time constants are close to those observed in biological systems.[231]
Additionally, spike-timing dependent plasticity (STDP) shows the plasticity
features of inter-neuronal connections, based on the sequence and temporal
separation, At, between pre-synaptic and post-synaptic spikes (Fig. 3.12B).[232]
STDP is also an activity-driven mechanism that constitutes an important
principle of competitive Hebbian learning, serving as a basis for cognitive
learning.[233] The triggers were applied to Au and ITO electrodes, representing
the pre-synaptic and post-synaptic neurons, respectively, (inset of the figure)

and the conductance change was monitored by reding pulse after two different
66



(A) ° u (B) ome

At t
j—> delay
Read Read T A—Ll—

Post - Pre

S
T 54 ® measured PPF 0.05 |
< v fitted curve E -50 mv/ L
- 3 N 30 ms
; SR Ny
N S 9 | Q
< k: e
5 0 % 0.00 °
: el £ ‘
E @ measured PPD
E fitted curve tgeiay (MS)
-54 ] | 10
(] Read w Read PPD Pre - Post @ 100
T T T T T -0.05E L i L
0 500 1000 1500 2000 -100 0 100
Time interval, At (ms) Time interval, At (ms)
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randomly varying inter-spike time interval At. Solid lines - double exponential fit using
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pre- and post-synaptic spikes for two different time delays: tqelay =10 ms (black squares),
and tgetay = 100 ms (red circles). Full lines — data fitted using Eqn. 3.6 Inset: trigger/read

pulse sequences used for measurements (Attachment 3).

time delays, tdelay = 10 ms and 100 ms, respectively, for both spike pair orders.
An increase in conductance (AG > 0) was observed for At > 0 indicating the
strengthening of the synaptic connection, and a weakening of synapse, i.e.
reduction in conductance, AG < 0, for At < 0. The relative synaptic weight

change (weight factor, AW) was then calculated using the equation:[232]

AW _ 46 (G2 -G1) (3.5)
G Gy

Here, G1 and G2 denote the conductance after and before pre- and post-spiking
pairs. The experimentally measured weight factors were fitted using the eqn:

Ay e At 4 W, for At > 0

3.6
A_e~ 14t~ 4+ W, for At < 0 (3.6)

o

where, Wo denotes the asymptotic value, as the weighting factor was not fully
normalized, At is the interval between pre- and post-synaptic spikes pairs, with
A+ and A- representing predetermined scaling factors, and 1+ and t- denote the
relaxation time constants. For At > 0, the relaxation time t+ was extracted as
190 ms and 160 ms, for the delay time 10 and 100 ms, respectively. For At < 0,

relaxation times, t-, were obtained as 180 ms and 27 ms. This pattern correlates
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well with the asymmetric Hebbian Learning rule, whereby the positive time

delay induces LTP, and the negative one causes LTD of the synapse.[130,227]
3.2.2.5 Working mechanisms

Study of conformational relaxations by impedance spectroscopy

The impedance spectra in carbazole-based polymers, PCaPMA and PVCa, were found
to exhibit three distinct relaxation processes, labelled as a-, B- and y- relaxations, best
seen in the loss modulus spectra (Fig. 3.13A). The low-temperature y- relaxation
appeared only in PCaPMA, and it was attributed to the rotational freedom of the
pendant carbazole groups due to the flexible spacer [87,234] The a- and B-relaxation
were found at high-temperatures, and they were correlated with the glass transition
temperature and side chain conformation around the C-C bonds, respectively. A
merging of of-relaxation occurred at even higher temperatures.[87,142] All

relaxations originate in thermally activated processes.[235]
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Figure 3.13: A) Temperature dependence of the loss modulus M" spectra in PCaPMA,
illustrating a-, B- and y- relaxations B) Nyquist plot of the complex impedance of the pristine
sample (black circles), and of sample in ON state (red squares) in the zoomed view of the
high-frequency region. Experimental points were fitted using an equivalent circuit shown
in the inset of Figure 3.13B. Fitting parameters: R,=5.4:10" Q (OFF state), R, = 6.5:10° Q
(ON state); C=1.2 10 F and R;=80 Q for both ON and OFF states (Attachment 2).
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The Nyquist plot (Fig. 3.13B), illustrates the real and imaginary part of the impedance
on a fresh sample (ITO | PCaPMA 80 nm | Al) in the OFF state, and after applying the
DC voltage sweep from 0 V to +5 V, turning it to the ON state. Notably, only the real
part of the impedance has been changed between the two conducting states of the
device before and after switching, with almost the same capacitance and serial
resistance Ri1. This indicates that interface electrode effects or injection barrier change,
caused by possible Al203 formation [236] do not impact the switching mechanism.
Similarly, the unchanged capacitance between pristine and voltage-loaded samples

suggests that no dielectric breakdown occurred in the active layer.[237]
Role of space charges and traps

The nearly insulating nature of PCaPMA, owing to its saturated backbone, results in
minimal free charge carrier concentration in thermal equilibrium, leading to space
charge-limited current (SCLC).[51,80] This SCLC is predominantly influenced by
localized states [87,131] within the layer, making it trap-controlled.[4] A
representative band diagram of the ITO | PCaPMA | Au or Al devices (Fig. 3.5A),
illustrates the adjustment of the energy barrier at the metal-organic interface. Carries
are injected through a smaller Schottky barrier, particularly via gold (¢ = 5.1 eV) or
ITO (¢ =4.8 eV), electrode.[238] The injected carries are captured in traps.[239] Once
the trap DOS is filled with injected carriers, SCLC becomes trap-free, leading to a
steep increase in conductance. With shallow traps filled predominantly in low voltage
regions, an analog effect can be observed, exhibiting the trigger pulse rate-dependent
device conduction.[240]

Experimental confirmation of SCL transport is evidenced by I-V characteristics
of ITO | PCaPMA | Al device, in double logarithmic scale (Fig. 3.14A). The low-
voltage linear region in the OFF state exhibits typical Ohmic conduction I oc V™ with
m = 1, while trap-controlled SCLC is dominated at higher voltage, transitioning the
device to the ON state at a specific setting voltage of V1 where the quasi-Fermi level
shifts above the trap energy levels, leading to the trap-free SCLC, characterizing the
LR state.[4,80,137] The device exhibits nonvolatile memory behavior, retaining its
state even without applied voltage. Reverting to its OFF state requires reverse biasing
or prolonged disconnection from power to eliminate previously formed space charges

and to make the trapping sites empty.[241]
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The hypothesis was further validated by the fitting of I-V characteristics in a
linear scale (Fig. 3.14B). Various CT mechanisms were explored, including SCLC, or
SCLC with field-dependent mobility (SCLC-F), along with Ohmic or Schottky contact
behaviour. Considering field-dependent mobility in analogous carbazole-based
polymers,[242] SCLC-F model was chosen, typical for dispersive hopping
transport,[81] and the Ohmic dependence:[243]

9 V2 0.891 ( e3v\'/? c
I =A gH€i s exp (F(E) ) +BVexp(—F) 3.7

Here, T represents room temperature (298 K), u the hole mobility at a low electric field
(3x10° cm? V'!'s7!, the value taken from the similar polymer material, [242]) €i = 3.1
is the relative permittivity, and d is the film thickness (100 nm in this case). A, B, and
C are constants independent of voltage and temperature.

These analyses suggest that the RS mechanism stems from the
trapping/detrapping process. However, the device's non-volatility cannot be solely
attributed to thermally activated detrapping from the 0.33 eV trap depth. Another
stabilizing mechanism likely involves the reorientation of carbazole groups in the side
chains by an applied voltage, aiding charge transfer between adjacent

chromophores.[244-246] The conductance state is further stabilized by the hydrogen
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Figure 3.14: Fitting of the A) Linear & B) log-log 1=V cycle of ITO | PCaPMA | Al
device, and C) Photodetrapping process of trapped charges in same device configuration
after biasing at +1 V (blue curve) and without pre-biasing (green dots). Red dots indicate
the applied bias. The illumination was taken through the glass | ITO faces using Xe-lamp
equipped with a 300-400 nm bandpass filter (light intensity 400 pW/cm?). Lox and Lorr
show the illumination ON and OFF, respectively (Attachment 2).

70



bonds formed between amide and carbonyl in the linker.

Trap density was calculated using an electric field-induced trapping and optical
detrapping experiment on ITO | PCaPMA | Al device following the methodology
outlined by Q. Chen et al.,.[247] Initially, traps were charged by applying +1 V to the
ITO electrode for a specific duration. Subsequently, we recorded the current under
short-circuit conditions while illuminating the sample with light in the 300-400 region
from a Xenon lamp equipped with a thermal and bandpass filter. The discharge current
followed a stretched exponential decay I = loexp [-(t*)/t], with parameters a = 0.5,
T=0.8 s, until the traps were emptied. No current was observed under the same
illumination conditions without prior voltage application, confirming that the current
originates from the trapped charges. Since the current was detected only within
wavelength range where the carbazole chromophores absorb light, it suggests the
removal of the space charge trapped in the localized energy levels within the bandgap
by intrinsically photogenerated free charges in the polymer. Integrating the discharge
current, we estimated the stored charges in the 80 nm thick film to be approximately
10'8 charges/cm?®. The persistence of discharge current, which was unchanged even
after interruption of illumination for about two minutes, indicates charges trapped in
deep levels with a low escape rate. The fully reversible charging/light-induced
discharging cycle strongly supports the trapping/detrapping resistive memory

mechanism.
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Figure. 3.15: UV-vis spectra in-situ voltage of ITO | active layer | gel-electrolyte | ITO
device with A) PCaPMA and B) DPP-DTT as an active layer.
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Fig. 3.15 presents in-situ voltage UV-Vis spectra (spectro-electrochemical spectra)
during electrochemical cycling of the ITO | active layer | gel-electrolyte | ITO sample
(device structure shown in the photograph in the inset of Fig. 3.15 B). During
oxidation, the spectra demonstrated a notable increase around the main absorbance
peaks. In PCaPMA, an increased absorbance of bands centered at 333 nm and 346 nm
was observed, correlated with the oxidation of carbazole.[282] The process was found
reversible.

In films of DPP-DTT (and DPP-DTT molecularly doped with PDI, not included
here), the redox processes are visible at around 800 nm, changing colours between
colourless and green, within £ 1.5 V (Fig 3.15B). The redox changes were completely
reversible. At higher bias voltage (+1.5V), a new transition in the electronic absorption
spectrum around 1200 nm appeared, which could be attributed to the presence of
polarons or bi-polarons in the film.[248] The process was again reversible. These
oxidation and reduction phenomena correlate well with the conductivity changes in
the memristor. Such successive redox processes are also important in electrochromic

applications.
Field-effect behavior in composite system

The DPP-DTT, characterized by its donor (D)—acceptor (A) based backbone of fused
ring moieties (thienothiophene-TT and diketopyrrolopyrrole-DPP), exhibits excellent
n-1 stacking and high carrier mobility.[173,249,250] The field-effect characteristics
were analysed using a bottom-gate bottom-contact (BGBC) structure with the
spin-coating active layer on a pre-fabricated OFET substrates (Fig. 2.6A).[176]
Annealing the DPP-DTT layer from 70 to 140°C increased mobility from
0.06 to 0.1 cm*V-'S"!,

The introduction of PDI resulted in a higher density of traps or scattering
centers, reducing Isp, mobility, and overall conductivity by almost two orders of
magnitude (Fig. 3.16 B-C). The n-type PDI additive (Fig. 3.16C) potentially created
structural defects and localized electronic polarization, introducing both static and
dynamic disorder.[25,251,252] However, the HOMO energy level of PDI lies below
that of DPP-DTT (Fig. 3.7B), suggesting that it is an inactive state for charge carrier
trapping, rather acting more as a scattering centre reducing the charge carrier

mobility.[70]

72



In our system, an increased concentration of PDI molecules could potentially act as
shielding agents around the crystal boundaries of DPP-DTT, influencing the transport
of carriers. The molecular dispersion of PDI without any phase separation (confirmed
with the XRD curve) may create an electrostatic shielding in the intermolecular
interaction of DPP-DTT molecules, affecting their electronic coupling.[253] The
decrease in Isp in transfer characteristics and consequently the mobility may be
attributed to these effects. Additionally, the increased concentration of PDI has led to

a significant increase in V1 by more than an order of magnitude.
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Figure 3.16: Output characteristics of A) pure DPP-DTT and, B) pure PDI. And, C) transfer
characteristics of pure DPP-DTT and PDI and the composite system.

3.2.3 Summary
The memristors, made as sandwich structures with active layers from newly
synthesized carbazole-containing polymer, PCaPMA, and composite system of DPP-

DTT mixed with PDI as an active layer, were found to serve a dual purpose of
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electronic memory and emulating biological synapse functionality. Both polymers
exhibit compact pinhole-free layers suitable for the fabrication of a sandwiched system
via solution casting methods. Devices exhibited hysteresis in their I-V characteristics,
with the possibility of resistive switching between two distinct conducting states,
making the polymers applicable in non-volatile ReRAM devices. The current ON/OFF
ratio exceeded 100 with a satisfactory retention time, even without encapsulation.

Moreover, their resistance exhibits continuous variation upon triggering by
voltage pulses, depending on their polarity, amplitude, and frequency. Mimicking
neuro synaptic features, they demonstrate both short- and long-term plasticity.
Persistent stimulation induces prolonged conductance changes, while weaker inputs
yield volatile memorization. In PCaPMA, the memory transition occurs above a 1 Hz
repetition rate of stimulating pulses, enabling associative learning akin to the Pavlov
dog salivation experiment. In DPP-DTT, the memory window, synaptic plasticity, and
bipolar resistive switching behavior were enhanced with increased perylene
concentration.

These devices fulfill fundamental memory and synaptic plasticity
requirements, addressing both short-term and long-term plasticity, as demonstrated by
PPF/D and STDP characteristics. The resistive switching was attributed to the bulk
properties of the polymers. In PCaPMA, the tendency of carbazole units to undergo
conformational changes and redox reactions governs the changes. In DPP-DTT: PDI,

trapping/detrapping combined with redox reaction support the conductance changes.
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3.3 Role of dipolar polarization and interface optimization on the

performance of OFETSs
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3.3.1 Overview of the study

Organic field-effect transistors, OFET, as the fundamental electronic component, are
increasingly being adapted for flexible electronics. Achieving optimal performance
while ensuring stability and reproducibility remains a challenge. High dielectric
constant of the gate dielectrics is essential for desirable electrical characteristics and
flexible device application, necessitating the production of pinhole-free thin layers,
primarily using printing technology.[254]

Conventional polymer dielectrics often have low dielectric constants, leading to
diminished device performance and increased power consumption.[255] To address
this, modifications such as polyvinyl alcohol to poly(2-cyanoethyl vinyl ether)
(CEPVA) have been introduced, exhibiting a low dielectric loss and dielectric constant
(¢') around 15, when crosslinked with various crosslinkers.[174,256] The crosslinking
improves layer integrity by forming a rigid network of hydrogen bonds, consequently
locking the dipolar disorders.[160] Furthermore, studies on bias stress effects have
shown that intentional charging of polymer dielectrics before applying the S-D voltage
can lead to the threshold voltage (Vr) shift and changes in hysteresis.[257] Defects on
dielectrics and OSC layers or at their interface have an impact on the OFET
performance. Overall, the study of these effects can provide insights into hysteresis,
charge trapping/detrapping, dielectric polarization, and ion migration.[258,259] The
presence and nature of hysteresis in I-V characteristics of output or transfer curves,
can vary depending on their origin and location. Clockwise or anticlockwise hysteresis
can provide insight into underlying mechanisms such as slow-responding polar species
or trap DOS in the dielectric medium, respectively.[259]

The common approach to mitigate these defects in OFETs involves the
introduction of a self-assembling monolayer (SAM) of small molecules, or a thin
buffer layer coating of non-polar molecules or polymer, referred to as surface
passivation.[260,261] SAMs, typically composed of binding, spacer, and functional
units, are often made of silanes. These molecules are covalently bonded to the surface,
enhancing surface energy and hydrophobicity, and thus reducing water
adsorption.[262] SAMs promote better molecular ordering of the OSCs layer and
optimize the OSC crystal growth. Different SAMs, such as phosphonic or carboxylic
acids for oxidic surfaces, organosulfur and chloro-silanes for metals, silicon, and

polymeric surfaces containing hydroxyl groups, were proved to improve charge
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injection and transport, ultimately enhancing charge carrier mobility.[263,264] They
even alter the work function of metals lowering the energetic barrier.[85]

In the present work, a crosslinked dielectric system was exploited, followed by
surface passivation. The influence of four crosslinkers (HAD, SU, PMF, and HMBG
as listed in Fig. 2.3) on the hysteresis of -V characteristics was studied. The effect of
passivation with trimethoxy(2-phenylethyl) silane (PETMS) as SAM molecule is
presented. Passivation was used to minimize trapping centers at the dielectric surface
and improve mutual interactions between dielectrics and the OSC layer.[22,265] As
the charge-transporting (active) layer, TIPS pentacene and DPP-DTT were used. Gold
or platinum electrodes were used as S-D electrodes for small contact resistance and

good charge injection due to their compatibility with p-type OSCs.

3.3.2 Results and discussion

3.3.2.1 Impact of casting conditions on OFET properties

Fig. 3.17 depicts the output and transfer characteristics of an OFET incorporating a
PVP dielectric layer prepared through three solution casting techniques: spin coating,
dip coating, and printing. The PVP polymer with HMBG crosslinker, 4:1 by wt%, was
dissolved in propylene glycol methyl ether acetate. The resultant layer underwent
crosslinking at 150°C in 100 mbar vacuum oven for 2 h.

All devices exhibited typical p-type transistor behavior, operating efficiently at
lower voltages. The spin-coated PVP dielectric layer (approx. 200 nm thick),
demonstrated optimal characteristics in both output and transfer curves (Fig. 3.17). In
contrast, dip-coated dielectric film (around 100 nm thick) exhibited increased film
roughness (5-10 nm) and a 50% reduction in mobility, along with a higher V1. OFETs
with thicker dielectric layers (about 800 nm) made by printing required higher
operating voltages and a higher S-D voltage was required to achieve saturation.

OFETs prepared with spin-coating, dip-coating, and printing of dielectrics
exhibited different mobility values of 0.51, 0.12, and 0.08 cm?*V-!s™!, and threshold
voltages of -1.3, -3.0, and 8.0 V, respectively.
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Figure 3.17: OFET output (A) and transfer(B) characteristics with PVP dielectrics cast via
dip-coating (16 mm/min), spin-coating (2000 rpm), and screen printing.

3.3.2.2 Fully printed OFET

One set of OFETs was fabricated by preparing all layers by printing. Electrical
characteristics were measured in both ambient and vacuum (pressure 5x 107 mbar).

Small hysteresis was observed in output characteristics when measured in air
(Fig. 3.18B) and became more pronounced with increased pre-bias time of the gate
field. The device measured in air exhibited S-D current at Vsc= 0V, likely from water
content causing anticlockwise hysteresis, but the field effect and the saturation were
still observed.[257,259] The hysteresis nearly disappeared in a vacuum with a slight
reduction in current, supporting the hypothesis of humidity effects from polar

dielectrics.
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Figure 3.18: A) Optical image of fully printed transistor on flexible PET substrate (printed
PVP layer: light grey, printed DPP DTT layer: dark grey. B-C) Output characteristics of the

device measured in air and vacuum (5x10~ mbar).

3.3.2.3 OFETs with polymer dielectric crosslinked by various crosslinkers.

In the second part of the study, a high-k diclectric (& ~15), CEPVA,[256] was used
for OFET fabrication. CEPVA was crosslinked with the aim of increasing its Tg. and
the impact of various crosslinkers on device performance was investigated. Compared
to devices without crosslinked dielectric, crosslinking the layer increased the current
ON/OFF ratio and decreased leakage current. It also helped to avoid dielectric
breakdown, even at high operating voltages.[174] However, crosslinking adversely
affected the I-V characteristics, introducing increased hysteresis in transfer
characteristics (Fig. 3.18).

With all crosslinkers used in this study, the transfer characteristics displayed
anticlockwise hysteresis during cycling the gate voltage, suggesting the influence of
traps within the active channel or at the interface between dielectrics and OSC.[266]
PMF crosslinker, containing a hydroxyl linker, demonstrated saturated output curves
but significant hysteresis with a large shift in Vr and reduced channel current.
Crosslinkers HDA or SU, containing more electronegative halide linkers (CI or F),
showed relatively smaller hysteresis in transfer characteristics but the Isp current
decreased significantly after initial onset, creating a bell-shaped hysteresis. The only
minimal hysteresis observed for Vgs = 0V suggests charge trapping/de-trapping is the
main cause of hysteresis, as it is more sensitive to Vs than Vsp.[258] The un-

crosslinked fraction of hydroxyl groups or the impurities likely contribute to trap DOS.
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Figure. 3.19: (A) Output and (B) transfer characteristics of OFETs having CEPVA

dielectrics without any crosslinker and crosslinked with HDA, SU, PMF, and HMBG from

left to right, respectively. In both output and transfer characteristics, the solid lines represent

the forward bias sweep continuously increased from zero and dotted line represents the

backward bias sweep decreased from maximum to zero. F and B denotes forward and

backward sweeps.

3.3.2.4 Interface optimization using self-assembling monolayer

A strategy to mitigate hysteresis of I-V characteristics of OFETs involves the

incorporation of a blocking layer, like a self-assembling monolayer (SAM), between
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the OSC and gate dielectric. This layer impedes charge penetration from the gate
dielectric into the OSC active layer, consequently reducing the charge trapping. In
CEPVA dielectrics crosslinked with PMF, significant hysteresis was observed,
characterized by a bell-shaped profile between linear and saturation regime. Applying
a PETMS monolayer at the dielectric-OSC interface notably reduced this hysteresis,

accompanied by a threefold increase in channel current (Fig. 3.20).
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Figure 3.20: Output characteristics of OFETs with CEPVA dielectrics crosslinked with
PMF (i) without applying SAM and (ii) after silanisation with PETMS silane.

3.3.3 Summary

In conclusion, we investigated the influence of various solution-casting methods on
the OFET performance with PVP dielectrics. Spin coating demonstrated superior
results, while printing emerged as essential for market transition, offering operational
versatility. Additionally, CEPVA dielectrics crosslinked with different crosslinkers
exhibited enhanced performance of the device but the hysteresis effect was increased.
The integration of PETMS, a self-assembling monolayer (SAM), showed promise in
mitigating hysteresis, highlighting a viable strategy for improving OFET
characteristics. Further research is crucial to fully grasp the understanding of observed

variations in hysteresis with different crosslinkers and other OFET parameters.
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4. Conclusions

In this thesis, we contributed to the research of photophysical and electrical
phenomena in organic semiconductors. We focused namely on the processes that occur
in these materials upon photoexcitation and on the charge transport influenced by
trapping/detrapping on localized levels and by the dynamics of molecular segments.

The first part delved into the excited-state dynamics of two TDPP derivatives,
R-BOX and R-TCN, characterized by the extended conjugation and differing electron-
withdrawing end groups. With optical spectroscopic techniques, the chapter explored
the excited-state phenomena in these compounds in solutions and thin films, together
with the vibrational evolution of excited states, and their dependence on molecular
packing in solid state. Notably, the identification of efficient ISC in R-TCN solution
and the long-time signals resembling triplet states formed by singlet fission in thin
films of both molecules contribute to the understanding of the structure-property
relationship. As the main result, we showed that also thermal effects must be
considered for the interpretation of transient optical absorption spectra obtained by the
pump-and-probe laser spectroscopy in longer time delays since they can lead to
misinterpretation of data and erroneous quantitative analysis.

In the second part we focused on the development and characterization of
memristive devices capable of exhibiting electronic memory and emulating the
functionality of biological synapses. Sandwich structures that employed PCaPMA
polymer and DPP-DTT: PDI composite as the active layers showed memristive
properties that exhibited both features. The incorporation of a low-molecular-weight
acceptor molecule, perylene, into a DPP-DTT polymer has enhanced synaptic
plasticity. The findings underscored the potential of these systems in neuromorphic
computing and Al.

In the last part, we focused on the impact of dipolar relaxation in polymer
dielectrics on the performance of organic field-effect transistors. This work
highlighted the importance of interface engineering for device performance.

All these results achieved within this Thesis contributed to the understanding
of the physical nature of the studied phenomena in organic materials and can be further

exploited in materials science and device engineering in organic electronics.
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