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ABSTRACT

High efficiency, stable devices, and low-cost production are key prerequisites for
organic photovoltaics technology to enter the niche market. Ternary approach and
contacts interface engineering have been reported as effective strategies to overcome
the main performance and stability limitations encountered in organic solar cells.
However, due to the myriad options of third components and buffer layer materials
with various physical and chemical properties, a judicious materials selection that
matches certain applications remains a challenge. In this thesis, we combined the
interfacial engineering and ternary strategies to improve the device performance and
stability of organic solar cells for versatile applications, such as indoor and
semitransparent devices. First, a cathode interface engineering using three different
electron transport layer materials was comparatively studied under 1 sun and indoor
LED illuminations to obtain high efficiency and photostable binary fullerene-based
device for indoor application. Then, for traditional outdoor application, we have
employed the ternary strategy by adding the novel fluorinated
metallophthalocyanines MPcFss and commercial ITIC-M or PC70BM as third
components in binary fullerene-based and binary nonfullerene-based blends,
respectively, to improve the device efficiency and stability. Likewise, the ternary
strategy using the state-of-the-art Y-series nonfullerene acceptors can be applied to
obtain an efficient and stable semitransparent nonfullerene-based device. Lastly, we
have introduced combined frequency and time-resolved techniques to study in-depth
the shelf lifetime degradation of organic solar cells in accordance with the ISOS-D1

protocol.
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1.1 Background

One of the largest and most complex challenges confronting the world today is
the steady increase in energy consumption driven by population and economic
growth. With the improved living standard of people worldwide and a gigantically
growing human population that is predicted to exceed 10 billion people, the global
energy demand is projected to increase of up to 47% within the next three decades.!*
Currently, a huge number of total energy usage about 16 TW is dominated by fossil
fuels (natural gas, coal, and oil) as the main energy source.>* However, there are
some concerns about using fossil fuels as the main energy source due to their
limitation of resources and their negative effects on climate, environment, and health.
Renewable energies from wind, solar, biomass, geothermal, and hydropower
generation have been considered seriously by the international governments as
sustainable energy supplies. Among these natural resources, solar energy has the
most potential because it is unlimited and does not depend on climate conditions.
Solar irradiance provides the earth with about 120 000 TW, translates to 6-7 thousand
times the current world energy consumption.’ Converting solar energy into electricity
was observed for the first time by French physicist Becquerel in 1839, known as the
photovoltaic effect, in which the electric current had produced when the sunlight
illuminating two connected platinum plates immersed in an electrolyte solution.®
Then, more than 40 years later, in 1883, the first photovoltaic device based on
selenium covered by gold thin-film with power conversion efficiency (PCE) of 1%
was discovered.”® It took almost one century for this technology to reach its
milestone in 1954 with the discovery of the first practical silicon solar cell with PCE
of 6% from the famous Bell Labs, was upgraded up to 14% by Hoffman Electronics.’
The research efforts drove the PCE of silicon technology even higher, with PCE
surpassing 27%, giving the silicon technology as the leader in solar market along
with its reasonable stability. Crystalline silicon solar cells along with diverse thin-

film technology based on inorganic components such as GaAs, Cu(In,Ga)Se>
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(CIGS), CdTe, and amorphous silicon are referred to as first and second generation
solar cells, respectively. However, besides their high efficiency and high stability,
these inorganic solar cells however have significant drawbacks, such as high material
amount and manufacturing costs, complex fabrication process, and time-consuming.
Third-generation solar cells have shown high potential for commercial availability of
efficient, low-production cost, flexible, and scalable solar cells in the recent decades.
Among these photovoltaic technologies, dye-sensitized cells, perovskite cells, and
organic solar cells (OSCs) are the most relevant for the future of solar cells. Figure
1.1 depicts the efficiency records chart from different research solar cell technologies

summarized by National Renewable Energy Laboratory (NREL).!°
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Figure 1.1 Current research-cell efficiency records of different photovoltaic technologies
chart summarized by NREL.

In the last few decades, organic photovoltaics (OPVs) — technology based on
organic materials — have reached a significant milestone towards commercialization
by exceeding the 10% efficiency threshold, which has now been pushed closer to

20% for single-junction cells in lab-scale manufacturing. Even though the efficiency
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is still lower than inorganic counterparts, the emergence of OSCs has attracted
tremendous attention in scientific and industrial communities due to their potential
characteristics such as semitransparent, flexible, environmentally friendly, solution-
processable, light-weight, low-cost, and scalable for roll-to-roll manufacturing.''~!3
Another essential feature of OSCs is the high absorption coefficient of active layer
materials in OSCs (typically 10° cm™, 10° higher than silicon) which enables thin
films (thickness around 100-300 nm) to absorb a large fraction of the incident solar
light due to the lower charge carrier mobility compared to inorganic counterparts.'*
These unique properties of OSCs will lead the revolution in photovoltaic technology,

opening a wider variety of advanced applications such as indoor power sources,

agrivoltaics, wearable electronics, smart windows, etc. for the future OPVs market.

Generally, the Air Mass (AM) 1.5G irradiance (with the light intensity of 100
mW cm™) is the standard condition used to compare different solar technologies
because it resembles the terrestrial sun spectrum of the standard illumination source
for measuring PCE, calculated as the ratio of the electrical power output to the optical
power input. Therefore, it is assumed implicitly that all photovoltaics are intended to
convert solar energy to current rather than photons to current. In fact, recent studies
demonstrated that OPVs are not only able to convert solar irradiation to current but
also indoor irradiation from light-emitting diode (LED) lamps (with much lower light
intensities, typically 0.1-1 mW cm™) into electricity more efficiently with PCE
exceeding 30%, than inorganic solar cells (amorphous silicon and CIGS) with PCE
of only 1-2%, as shown in Figure 1.2.!>!¢ As the light emission spectra and power
densities are different for each indoor light sources, the NREL chart will look very
different from the latest version of Figure 1.1. This feature of OSCs for indoor power

generation will be further discussed in Chapter 3.

Aside from traditional solar cells for power generation, one beauty of OSCs
that outshines inorganic solar cells is their ability to be made semitransparent owing

to their tunable optical band gap of organic materials to absorb near-infrared light
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while maintaining visible light transmittance. The semitransparent OSCs (ST-OSCs)
can be fabricated by reducing the active layer thickness and using transparent top
electrodes, making them appealing for versatile applications such as smart windows
in building-integrated photovoltaics (BIPVs), greenhouses, car shelters, wearable
electronics, floating photovoltaic, etc.!” This peculiarity of OSCs for semitransparent

application will be explained in Chapter 6.

Kaltenbrunner et al. recently took a step further to classify solar technology
from regular power conversion efficiency to a power-per-weight (defined as the ratio
of the output power per unit area of the solar cell under standard solar irradiation to
the weight of the solar cell per unit area) which places OSCs as leading technology
with ~10 Wg!.!® This comparison is useful in space and aircraft, as well as wearable
electronics, where the weight of the devices is just as critical as power output.
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Figure 1.2 (a) Comparison of the indoor light source spectra versus solar spectrum.'’ (b)
Corresponding PCEs of silicon and organic solar cells.!® (¢) Semitransparent OSCs as glass
applied for smart-window.'” (d) Power-per-weight for various photovoltaic technologies'".
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1.2 Organic solar cells basic principles

Organic solar cells are devices that use organic semiconductors as photoactive
materials or layers that can absorb solar energy (or more broadly photons) and
convert it into the current. The invention of OSCs arose from the discovery of the
conductivity of conjugated polymers in 1977 by Shirakawa et al., which opened up
a new field of organic electronics, leading to the discovery of the first OSCs by Tang
in 1987, who combined copper phthalocyanine and a perylene tetracarboxylic
derivative with PCE about 1%.%%*! Although a relatively low PCE was obtained, this
discovery is the first demonstration of an organic device with photovoltaic effect.
Generally, OSCs consist of the sandwiches of layers that have their own function that
will be described in this following section including OSCs device architecture, basic

operational principle, and the extracted device performance parameters.
1.2.1 Organic semiconductors

The general term of organic semiconductors refers to a vast group of materials
that consists of alternating single and double bonds of carbon atoms (conjugation).
The single bonds (o-bonds) are linked to the localized electrons and double bonds
contain both ¢ and 7-bonds. In a conjugated system, carbon atoms are sp? hybridized,
allowing the p, orbitals to form z-bonds where z-electrons can be delocalized and
travel through the system.?? The delocalized z-electron is responsible for the
semiconducting property similar to the conventional inorganic counterpart. Unlike
inorganic semiconductors, where the conduction and valence band expand over the
whole crystal and the atoms are bonded together by covalent interactions, the organic
molecules on the other side have a weak interaction, typically van der Waals, which
regulates the electronic properties of the materials.>>?** The properties of organic
materials are dominated by the molecular orbital of its components: z-bonding orbital
interactions yield the valence band known as the highest occupied molecular orbital

(HOMO) and zm*-antibonding orbital interactions yield the conduction band known
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as the lowest unoccupied molecular orbital (LUMO). The energy difference between
HOMO and LUMO in photoactive materials is generally in the range of 1.1-3.5 eV
and is denoted as an energy bandgap (E).?* One of the unique advantages of organic
semiconductors compared to their inorganic counterparts is the ability to chemically
tune their n-n* transitions (E; of HOMO-LUMO) which can define the position of
their absorption band. As HOMO determines the ionization potential and LUMO the
electron affinity, these properties dictate the ability of organic molecules to donate
or accept electrons.?® Therefore, an organic semiconductor with greater HOMO
levels commonly works as electron-donor material or so-called p-type,
semiconductors while those with lower LUMO levels can act as electron-acceptor
material or so-called n-type semiconductors. Figure 1.3 illustrates the 6- and t-bonds

formed in sp? hybridized conjugated molecule and its energy level splitting.

m - bond
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G- bond
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Figure 1.3 (a) Schematic illustration of sp? hybridized carbon atoms forming hybridized sp*-
orbitals called o-bond and overlapped non-hybridized p,-orbitals called n-bonds. (b) The
energy level of orbitals in a n-conjugated molecule.
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In contrary to the common inorganic semiconductors where the photons
absorbed in the band gap are converted directly into free charge carriers (electrons
and holes) at room temperature, organic semiconductors require an additional step
because Frenkel excitons (electron-hole pairs) with low dielectric constant (typically
2-4) are generated.?” Due to this low dielectric constant, strongly bound excitons by
Coulomb forces with the binding energy of 0.3-0.5 eV are formed upon light
absorption, whereas in inorganic semiconductors, delocalization occurs over multiple
atoms, resulting in substantially lower binding energy.?® The higher exciton binding
energy in organic semiconductors results in a lower exciton dissociation rate, thus
the probability of forming free charge carriers is low, even at high photon energies
applied. Consequently, the charge transport mechanism in organic semiconductors
relies on hopping charges between localized states, which results in carrier mobilities

rarely exceeding 10 cm? V! s7L.
1.2.2 Device architectures

The geometries of organic solar cells can be classified into several categories:
(1) single-junction based on the photoactive materials morphology — single layer,
bilayer heterojunction, and bulk heterojunction; (2) single-junction based on the
buffer layers position — inverted structure; and (3) multi-junction device — tandem
structure. Figure 1.4 depicts each type of OSCs architecture and its energy band
diagram. Among those categories, the simplest OSCs architecture is single layer
OSCs in which the work function difference of two electrodes sandwiching an
organic layer (typically p-type) creates an electric field that promotes the exciton
dissociation in the depletion layer so that free charges can be collected at the
respective electrodes, as shown in Figure 1.4a. As the electric field is not sufficient
enough to split the excitons, only excitons generated in the depletion region
contribute to the photocurrent, resulting in low quantum efficiencies (< 1%) and very
low PCE (< 1%).% Thus, to obtain a large enough local electric fields to split the

excitons, two layers of the highest electron affinity (electron acceptor material, A)
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and ionization potential (electron-donor material, D) are stacked together between
conductive electrodes, known as bilayer heterojunction structure in which the photo-
generated charges are created at the planar interface (see Figure 1.4b). Nevertheless,
the PCE of this bilayer OSCs was still low due to the short exciton diffusion length
(<10 nm), while D layer needs a thickness of around 80-100 nm to absorb the light,
leaving all the rest of the exciton decay before reaching the interface to dissociate.
As the photoactive layer thickness should have been similar to or less than the
diffusion length of organic materials, the bulk heterojunction (BHJ) structure was
designed by mixing together the donor and acceptor materials, where the interfacial
D/A area was dramatically increased and the travel distance of a photogenerated
exciton to dissociate was reduced due to the formation of interpenetrated networks
(see Figure 1.4c). These BHJ OSCs are still the most popular and high-performing

architecture until now with PCE exceeding 18%.°

In addition to the organic semiconductor layers and the cathode/anode
electrodes, OSCs feature thin layers placed between the electrodes and the organic
photoactive layer that are able to improve the charge collection and extraction, known
as buffer layers or interfacial layers or interlayers. The effectivity of these layers is
based on their ability to improve the energy-level alignment between HOMO and
LUMO levels of organic materials with the work function of electrodes. There are
two types of buffer layers that generally used in OSCs: (1) buffer layer placed
between the cathode and the acceptor materials to improve the electron transporting
and collection, known as electron transport layer (ETL) and (2) buffer layer between
the anode and the donor materials to improve the hole transporting and collection,
known as hole transport layer (HTL). Unlike the conventional architecture that is
illuminated through a transparent anode electrode and reaches an opaque cathode
electrode, the inverted OSCs reverse the buffer layer sequence to improve device
stability and performance. As a result, the charges are collected in the opposite

electrodes, as shown in Figure 1.4d.
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Figure 1.4 The device architecture of (a) single-layer semiconductor in single-junction, (b)
bilayer heterojunction, and (c) bulk heterojunction with a conventional structure; (d) inverted
structure; and (3) multi-junction device with tandem structure along with each energy
alignment.

Tandem solar cells are more complex device architectures consisting of two
distinct sub-cells with different bandgaps layered on top of each other, as depicted in
Figure 1.4e. The first cell absorbs the higher-energy portion of the solar spectrum
while remaining transparent to the lower-energy photons transmitted to and absorbed
by the second cell. The intermediate layer should ensure the alignment of the quasi-

Fermi level of the acceptor of the first cell with the quasi-Fermi level of the donor of
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the second cell or vice-versa. Due to the combination of two different bandgap
materials, thermalization losses are reduced and large portion of the solar spectrum

can be covered more efficiently.?!
1.2.3 Working principles of bulk heterojunction solar cells

A better understanding of the fundamental process of converting light into
electricity in BHJ OSCs is important to further enhance the device performance.
Generally, the photocurrent generation in BHJ OSCs is composed of four consecutive
steps: exciton generation, exciton dissociation, charge transport, and charge
collection. Figure 1.5 explains the events happening in a bulk heterojunction OSC

from photon absorption to charge collection upon light illumination.
(i) Photon absorption and exciton generation

First, photons are absorbed by the donor or the acceptor within the active layer
in which the energy of photon is transferred to an electron, resulting in the electron
excitation from HOMO to LUMO (z — z* transition). As aforementioned, instead of
the direct free charge carrier formations in inorganic materials upon photon
absorption, the charge carriers in organic materials form an electrostatic attraction
among them, leading to high binding energy due to their low dielectric constant,
resulting in a coulombically bounded Frenkel excitons generation within the active
layer. Without external perturbations, these excitons can relax to the ground state
within hundreds of picoseconds, leading to the exciton recombination. The number
of photons absorbed in the active layer is highly influenced by the absorption

coefficient of the material and the film thickness of the active layer.’>%

(ii) Exciton diffusion and dissociation

Once an exciton is generated, excitons diffuse from one site to another within
the condensed phase-form via energy transfer before decaying to the ground state.

The energy transfer can occur through Forster (via space) or Dexter (via bond).
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Excitons in this stage have a finite lifespan to reach the D/A interface, and the
distance traveled during that time is referred to as exciton diffusion length, Lp,
typically between 5-15 nm for amorphous z-conjugated polymers and in the range of
20-47 nm for non-fullerene acceptors.>*¥ If the lifetimes of the carriers are very
short, they recombine before reaching the D/A interface. At the D/A interface, the
exciton from a donor unit dissociates via electron transfer to the acceptor unit and
subsequently forms a charge transfer (CT) state exciton. A similar step may happen
for an acceptor exciton via hole transfer. Thus, the donor or acceptor phase must be
small enough for excitons to reach the D/A interfaces before decaying to guarantee
effective charge transfer in D/A blend, that is why phase separation is critical for

optimal device performance.

1,1* Exciton generation

2,2* Exciton diffusion & dissociation at the
D/A interface

3,3* Charge transfer (CT) state generation

4,4* CT state separation & charge transport

5,5* Free charge carrier collection

cathode

Figure 1.5 The working principle of BHJ solar cells from the perspective of (a) energy level
alignment and (b) device layer structure.
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(iii) Charge transfer state separation and charge transport

As the thermal energy of OSCs at room temperature is insufficient to separate
the charges directly after absorption, therefore the energy difference of either the
LUMO of D and A for electron transfer and the HOMO for hole transfer is required
to separate the excitons in organic solar cells.*® As aforementioned, LUMO and
HOMO, which are often approximated by the electron affinity and ionization
potential in molecular solid must be higher than the exciton binding energy, so that
the charge separation becomes energetically favorable, where a free electron is on
the electron-acceptor bulk and free hole on the electron-donor bulk. Free carriers in
this stage are formed as polaron distortions in organic semiconductors and they are
no longer in 7 or 7* orbitals but rather on polaron energy levels with slightly less
energy. Depending on the type of polymer semiconductor used, this process takes an

ultra-short time interval of within 100 fs.3738

The transportation of free charge carriers to their respective electrodes can be
driven by the built-in electric fields (drift) or a charge-concentration gradient
(diffusion). In amorphous organic semiconductors, the charge transport mechanism
is mainly performed by the hopping transport. Since the localization of amorphous
semiconductors is strong, the density of states (DOS) which describes the energetic
distribution of electronic states within energy bands is typically approximated with a
Gaussian distribution. This mechanism is less efficient than band transport because
amorphous organic semiconductors exhibit high trap concentrations resulting in low

charge carrier mobility and charge recombination.
(iv) Charge carrier collection

Finally, at the electrodes, the free charges are collected and contributed to the
photocurrent. The electrons are collected at the low work function electrode
(cathode) and holes at the high work function electrode (anode). To realize an

efficient charge carrier extraction, the LUMO of the acceptor should be higher than
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the work-function of the cathode, while the HOMO of the donor should be lower than
the work-function of the anode. The difference between those energies offset
determines the ohmic or Schottky contacts between organic material/electrode
interface, whereas the ohmic contact is the most preferable for a highly efficient
charge collection. A Schottky contact, on the other hand, might cause electrical losses
and inefficient charge injection. The charge collection efficiency is affected by
several factors such as charge transfer, dipole formation, chemical reactions, traps

within the organic material, and charge recombination.*
1.2.4 Recombination processes

Several charge loss mechanisms affecting the photovoltaic performance of
OSCs can take place in all the processes from light absorption to the free charge
collection: exciton recombination, geminate recombination, and non-geminate
recombination. Figure 1.6 illustrates the recombination process in BHJ solar cells
with the corresponding Jablonski diagram. When the excitons are formed upon light
illumination in the photoactive layer, it is possible that excitons can recombine before
reaching the D/A interface in their diffusion process, known as exciton
recombination. Another loss mechanism that can take place during exciton
dissociation is the so-called geminate or monomolecular recombination. The name
‘geminate’ is derived from the Latin word gemini which means twins, in this context
the electron-hole pair is twins that create the absorption of a single photon. The
geminate recombination occurs because the excited electron-hole pairs or CT state
turn back to the ground state before dissociating into free charge carriers. Thus, the
electron-hole pairs remain bound at the interface due to the electron-hole Coulombic
attraction. Since each absorbed photon yields one electron-hole pair, the geminate
recombination scales linearly with the number of absorbed photons. However, it is
worth noting that the likelihood of any given geminate pair recombining is
independent of the total density of geminate pairs at light intensities similar to one

sun. As a result, the proportion of geminate pairs lost to geminate recombination at
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low light intensities is the same as it is at higher light intensities.
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Figure 1.6 Recombination processes in organic BHJ solar cells from the perspective of (a)

active layer and (b) Jablonski diagram as a function of time. Figures are modified from***!,

After CT states excitons are successfully dissociated into free carriers, the
free electrons and holes have to diffuse to their selective electrode, otherwise they
may recombine back to the ground state via nongeminate recombination.
Nongeminate recombination differs from geminate recombination in that the hole

and electron in nongeminate recombination do not originate from the same photon.
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Figure 1.7 depicts the nongeminate recombination mechanisms that occurred in solar
cells. Recombination resulting from these non-geminate charge carriers may be
recognized as three distinct mechanisms: bimolecular (Langevin), trap-assisted
(Shockley-Read-Hall / SRH), and auger recombination. Bimolecular recombination
is the recombination of a free electron with a free hole that is commonly linked to the
asymmetric charge carrier mobility of holes/electrons in bulk, which leads to the
space charge formation, reduced charge carrier lifetime and carrier density, as shown
in Figure 1.7a. This type of recombination is the primary loss mechanism in most
efficient OSCs, and it is generally described by Langevin recombination coefficient

R; following equation 1.1:
L — PP He T Upn :

where ¢ is the elementary charge, &: is the relative permittivity, go is the vacuum
permittivity, and e and pn are the mobilities of electrons and holes, respectively.
Langevin-type implies that the rate-limiting step is the diffusion of two mobile

opposing charges attracted to each other in their mutual Coulomb field.***}
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Figure 1.7 Non-geminate recombination mechanisms: (a) bimolecular Langevin
recombination where the rate is dependent on both electron and hole mobilities and densities;
(b) trap-assisted Shockley-Read-Hall recombination where the rate depends on electron

(hole) mobility and density combined with amount of electron (hole) traps; and (c) Auger
recombination where the rate has third order of dependence on carrier density.
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As depicted in Figure 1.7b, free charge carriers can also be lost by first-order
process of trap-assisted recombination in which one electron and one hole recombine
through a localized energetic trap. This recombination is commonly modeled in
inorganic semiconductors by the SRH recombination process which involves two
carriers, the first one carrier is trapped and the second one is the free charge with the
opposite sign. The rate-limiting step in the SRH process is the diffusion of the mobile
carrier toward the trapped one in their mutual Coulomb field. The analysis of current-
voltage (J-V) characteristics as a function of the light intensity (Piign) 1s a particularly
effective method for estimating which type of nongeminate recombination.
Information on the trap-assisted recombination can be assessed by studying the light

intensity dependence of the open-circuit voltage (Voc) as described in equation 1.2:

ST [ADre] (1.2)

PG
where Ej is the energy difference between the HOMO of the donor and the LUMO
of the acceptor, ¢ is the elementary charge, k is the Boltzmann constant, 7 is the
temperature in Kelvin, P is the dissociation probability of the electron-hole pairs into
free carriers, y is the recombination constant, N. is the density of states in the
conduction band, and G is the photogeneration rate.**** Since G is the only term
directly proportional to light intensity (with P and y independent on it), a slope of
Voc vs In(Piign) should equal £77/q in the case of bimolecular recombination. On the
other hand, in the presence of trap-assisted recombination losses, a stronger
dependency of Voc versus light intensity is typically observed with the slope of Voc
vs. In(Pjign:) being closer to 2 kT/g.

In addition, the third possible nongeminate recombination mechanism is
Auger recombination, also known as trimolecular recombination, which has a
recombination order of 3, as exhibited in Figure 1.7¢c. Auger recombination occurs
when an electron in the LUMO recombines with a hole in the HOMO, transferring

energy to a third electron, which is subsequently stimulated to a higher energetic
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state. Since AM 1.5G illumination is generally not enough to provide high charge
carrier densities for Auger recombination, this type of recombination is less likely to

be present in OSCs.

1.2.5 Photovoltaic performance parameters

The photovoltaic performance of a solar cell is typically evaluated by
measuring the current density (J) as a function of applied voltage () in the dark and
under illumination conditions. The curve generated from this measurement is widely
known as J-V curves or J-V characteristics, as depicted in Figure 1.8. Although a
solar cell produces no photocurrent in the dark, it should follow diode behavior that
allows current to flow in one direction when polarized properly. In an ideal solar cell,
when the series and shunt resistances are negligible, the J-V characteristic of the

diode can be expressed according to Shockley’s equation 1.3:
14
J =Jo|exp (Z) - 1] (1.3)

where Jy is the reverse saturation current density, g the elementary charge, k
Boltzmann constant, 7 the temperature, and V' the output voltage. It is worth noting
that the meaning of Jy is linked to the number of charges capable of overcoming the
energetic barrier in the reverse direction, which represents the minority charge
density in the vicinity of the barrier.*® The farther from the ideal solar cell, the greater
Jo value will be. In the case when a solar cell is illuminated, a photocurrent Jp is
generated, thus resulting in a downward shift of the J-V curve, as shown in Figure

1.8a and equation 1.4:

J=Jolexp (L) = 1] = Jpm (1.4)
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Figure 1.8 Typical current density versus applied bias of a solar cell under (a) 1 sun
illumination and (b) in the dark. Inset figure b is the equivalent circuit for practical solar cell.
The three regions account for where the different effects dominate: Region I accounts for
leakage (shunt) current, Region II recombination currents, and Region III series resistance.

As aforementioned, the typical standard test condition of Air Mass 1.5 Global
spectrum (AM 1.5G) at cell temperature of 25 C has generally been used as Pjigns an
incident light intensity of 100 mW c¢m in the illuminated J-J measurement in order
to do an accurate and comparable characterization. “Air Mass 1.5” denotes 1.5
atmosphere thickness, corresponding to 48.2° solar zenith angle while the term

“Global” refers to both direct and diffuse radiation.*’ Therefore, to evaluate the
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performance of OSCs, a parameter of PCE is used, which is calculated as the ratio of
maximum power output to the incident power of the light source. The maximum
power output (Pmax) of the device is the point at which the product of the current
density and applied bias is maximum (Juax and Vi) — this is known as the maximum
power point (MPP). In other words, Po.: can be calculated from the product of the

short circuit current (Jsc), Voc and the fill factor (FF) as expressed in equation 1.5:

PCE = Pmax — JmaxXVmax _ JscXVocXFF (15)

Plignt Plight Plignt
The Jsc is the current output when the maximum photocurrent density (J,x) is
recorded at the short-circuit condition, i.e. the condition where the output voltage
bias is zero, the external load has zero or negligible resistance. As V=0, equation 1.4

becomes:
J(V =0) :]ph =Jsc (1.6)

Jsc depends on the area of the whole layer of solar cells that intersect with the active
layer, thus in order for the Jsc of OSCs can be compared with the other device with
similar structures, Jsc is obtained by dividing by the area with the unit of mA cm™.
Moreover, Jsc can be influenced by the number of incident photons, the thickness of
the active layer, the spectrum of the incident light, the morphology of the organic

semiconductor layer, and the efficient exciton generation and dissociation.

The Voc is the maximum voltage a solar cell can provide to an external circuit,
which measured at open-circuit condition where no net current flows out of the
device (J=0). The Voc depends on the energy gap between the LUMO level of the
acceptor and the HOMO level of the donor. Some factors that are of crucial
importance in determining Voc of OSCs are density of states or energetic disorder,
charge transfer states, D/A interface, microstructure, recombination, temperature,
light intensity, and charge carrier density.*® Equation 1.7 describes the Voc with

J(V=0) and Jpr, >> Jp :
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kT J
Voc = tia’>In (]Loh +1) (1.7)

The FF is a parameter that measures the quality of OSCs in terms of power.
FF describes how “square” the J-V curve is and it indicates how “difficult” or “easy”
it is to extract photogenerated carriers from a photovoltaic device. Thus, FF can be

defined in equation 1.8 as:

FF =A% — JmaxXVmax (1.8)
A2 JscxVoc

where Jyax X Vinax represents the green rectangle A1l and Jsc x Voc represents the beige
rectangle A2. The ideal value for FF is 1 (A1=A2) when the J-V curve is a rectangle
(with no parasitic resistance). Nevertheless, in practical solar cells, the FF is always
lower than 1 due to the presence of parasitic resistance effect and the fact that
photovoltaic devices are composed of p-n junction diodes, and thus J-V curve

behaves more like exponential functions rather than step functions.*

In the case of practical solar cells, parasite resistances (series and shunt
resistance) are non-negligible. Thus, the series resistance Rs and shunt resistance Rsy
are counted into the equivalent model for energy losses, as shown in inset Figure
1.8b, where the solar cell J-V behavior can be divided into four constituent parts: a
photocurrent source, diode, series resistor, and shunt resistor. Note that the diode
represents electron-hole recombination at p-n junction. Rs is derived from the bulk
resistance of the active layer and electrodes and also the interfacial contact resistance
between the active layer and electrodes. The main effect of high Rs on the OSCs
performance is the less voltage drop in the diode, resulting in the reduction of FF. On
the other hand, Rs; arises from several kinds of leakage currents originating from the
pinhole in the cell, the edge of the device, or from localized defects due to the
imperfections of the manufacturing process. Rs; has the effect of dividing current
from diode, opposite to the effect of Rs, the low Rs, in OSCs reduces Voc and FF,
resulting in the decrease of P,... Considering the parasitic resistance, the equivalent

circuit in equation 1.4 can be expressed by:
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] =Jo|exp (LEEL) — 1] + ZL (1.9)

According to equation 1.8, the J-J curve is generally divided into three regions, as
shown in Figure 1.8b. At reverse bias or negative voltages and low positive voltages
(Region 1), the drift of charge carriers to respective electrodes is high, so no current
can flow, the J-V curve is determined by 1/Rsi. As the voltage increases, at the
intermediate positive voltage (Region II), the J-V curve is an exponential line and its
characteristic is defined by the diode (n) where the diffusion current overcomes the
drift current. At high positive voltages (Region III), the J-V curve is a second straight
line with the slope controlled by 1/Rs where the charges start to accumulate and

modify the electric field in the medium.’%!

1.3 Ternary organic solar cells

As aforementioned in the previous section, the development and basic concept
of binary OSCs that bulk heterojunction architecture can facilitate the improvement
of PCE by over 18% in single-junction devices to date, however, despite the
significant advancement achieved, the PCE of OSCs has to be boosted to compete
with commercial inorganic solar cells. The main limitation in OSCs is due to the
intrinsic narrow absorption bands of organic semiconductor materials, making it
challenging to fully utilize the energy from the solar spectrum with a single-junction
binary device. To overcome the absorption limitation, ternary (multicomponent) and
tandem (multijunction) OSCs have become two main strategies employed in the last

decade (Figure 1.9).

Tandem OSCs, despite an improved light absorption as well as reduced
thermalization photonic energy loss leading to a recorded PCE of over 20%
reported,’® the fabrication of tandem OSCs require complicated preparation
processes, which is particularly challenging for all solution-processed BHJ OSCs and

may impede their commercial applications. Alternatively, the ternary strategy is not
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only a simple yet effective approach that can combine each merit of binary and
tandem OSCs by incorporating a third component (either D or A) to improve the
photon harvesting capability in a single-junction device, but also it can maintain the
simplicity of single-step layer processing fabrication rather than the more complex
tandem OSCs. Here, the fundamental mechanism in ternary OSCs (TOSCs), the role
of third component addition in the ternary blend as well as the state-of-the-art ternary

systems will be further discussed.
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Figure 1.9 Schematic of (a) bulk-heterojunction, (b) tandem, and (¢) ternary OSCs. (d) —(g)
Possible ternary morphologies based on the location of the third component in ternary OSCs.

1.3.1 Working mechanism of TOSCs

In principle, a ternary blend is composed of three components in a single
photoactive layer: two host components consist of a primary electron donor (D or
D1) and a primary electron acceptor (A or Al), together with the third guest

component that is the minority addition of secondary donor, D2 or secondary
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acceptor, A2 into the host system. Depending on the position of the third component
in the blend, it may determine the primary working mechanism of TOSCs based on
the energetic and phase structure of the third component, as shown in Figure 1.9d-
g.3 That is, the third component can be (d) embedded in either the host donor or host
acceptor phase, (e) located at the host donor/acceptor interfaces, (f) creates its own
phase separated from the host donor and acceptor phases forming the so-called
parallel-linkage, and (g) alloyed with the host donor or host acceptor to display
collective electrical properties. However, in practice, depending on the ratio of D2 or
A2 to the binary host system, the BHJ of ternary blends can feature one or more of
these BHJs, and hence more than one working mechanism could be adopted. As
depicted in Figure 1.10, there are four main TOSCs working mechanisms proposed
in the literature, (i) charge transfer and (ii) energy transfer operating mechanism
governed by the energetics, whereas (iii) parallel-linkage model, and (iv) alloy model

operating mechanism governed by the blend phase structure.

(i) Charge transfer

To obtain an efficient charge transfer, the HOMO and LUMO energy levels of
the third component should be located between those of the host donor and host
acceptor, forming a cascade energy alignment. This cascade energy level can avoid
energy traps and can facilitate the charge separation and charge transfer at the D/A
interface due to the functionality of the third component as a charge relay for electron
and hole transport.>* In the charge transfer mechanism, the third component will
directly generate free charge carriers, and the charge transport channels strongly
depend on the existing host domains, indicating the location of the guest component
is at the interfaces between the host donor and acceptor. As illustrated in Figure
1.10a, in the case of D1/D2/A ternary system, the exciton generated in the donor
matrix (D1 and D2) could be dissociated into the charge carriers at the D1/A and
D2/A interfaces. The electrons are primarily transferred to D2 through D1 before

being transferred to A. Through the transport channel of A, the electrons can be
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effectively collected by the cathode; additionally, the holes are first transferred to D1
through D2 and then transported to the anode via the transport channel of D1, where
they are efficiently gathered by the anode. Typically, the Voc of the charge transfer
dominant TOSCs tends to be pinned to the smaller one of the corresponding binary
OSC devices, which may be explained by the fact that almost all the holes can reach
the anode through the transport channel of the donor with a higher HOMO level.

The charge transfer mechanism was first introduced and explained by Koppe
et al.>® in 2010 by adding C-PCPDTBT or Si-PCPDTBT as a third component in the
host P3HT:PCs1BM blend with a PCE of 2.8% probed by photoluminescence (PL)
spectroscopy and transient absorption spectroscopy (TAS). It was observed by PL
that the emission intensity of host donor P3HT was quenched, without increased
emission intensity of third component PCPDTBT, indicating that the charge transfer
occurred in the corresponding ternary system. On the other hand, the TAS results
suggested that by selectively photoexcited the third component, the steady state
concentration of third component polarons was negligible when it was blended with
host matrix. The current-voltage measurement could be employed for assessing the

charge transfer mechanism in ternary blend. An et al.>®

studied the charge transfer
between DI and D2 (without A) with J-V characteristics, obtaining higher current

density in the D1:D2 blend than those of single donors.

(i) Energy transfer

In a ternary blend, the other mechanism governed by the energetics of three
materials is the so-called energy transfer mechanism, which sometimes can
simultaneously exist with the charge transfer process. Thus, the dominant mechanism
will be dependent on the kinetically competitive relationship between them. In the
energy transfer mechanism (see Figure 1.10b for D1/D2/A example structure), the
third component (D2) does not directly generate free carriers. Instead, D2 acts as the
energy absorber to harvest energy photons from the excited energy state in D1

through Forster resonance energy transfer (FRET) or Dexter energy transfer. Then,
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the generated exciton in D2 dissociates at the interfaces between D2 and A, which
can form free electrons and holes. The free electrons are transferred to the cathode
via A’s transmission channel, while the free holes in D2 can either be transferred
directly to the anode or transported to D1 and subsequently to the anode via D1’s

transmission channel.

To realize an effective energy transfer, the emission spectrum of the energy
donor (D1) should overlap with the absorption spectrum of the energy acceptor (D2).
Depending on the spectral gap between absorption and emission, the energy transfer
mechanism mainly includes two forms: FRET (long-range and based on resonance)
of electrofluorescence and Dexter energy transfer (short-range and based on electron
exchange) of electro-phosphorescence. The former occurs through the long-range
dipole-induced Coulomb interaction between the energy donor and energy acceptor
materials. Meanwhile, the latter primarily occurs through the electron-exchange
interaction between the energy donor and energy acceptor materials. Since the radius
of the energy transfer is limited, the distribution position of the energy donor and
energy acceptor should be relatively near (<10 nm), which is equivalent to the

distribution requirements of the third component in the charge transfer mechanism.>’

Recently, a high PCE of 17.4% for the energy transfer dominant device was
achieved by Ma et al.® for integrating reduced miscibility and the higher LUMO
level of ITCPTC third component into PM6:Y6 blend (D/A1/A2 system). They used
PL measurement to discriminate between charge and energy transfer, in which the
PL intensity of the third component ITCPTC increase when blended with the host
acceptor (Y6) with respect its pristine film. In addition, the overlapping spectra
between emission of ITCPTC and the absorption of Y6 were observed, strongly
indicating the energy transfer between Al and A2, which contributed to the
enhancement of Jsc. Moreover, they also fabricated the single-component device and
obtained the current density in the corresponding J-V characteristic of the A1/A2

blend is not significantly increase with the respect to the Al and A2 neat films,
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implying that no significant charge transfer occurs between Al and A2.
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Figure 1.10 Schematic diagram of four working mechanisms of TOSCs: (a) charge transfer
mechanism, (b) energy transfer mechanism, (c) parallel-linkage model, and (d) alloy-like
model. The left-hand side figures are D1:D2:A systems and the right-hand side figures are
D:A1:A2 systems.
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(iii) Parallel-linkage model

Different from the charge transfer and energy transfer mechanisms that are
governed by the energy alignment, the parallel-linkage model is one of the TOSCs
fundamental mechanisms governed by the nanomorphology of the blend. This model
does not necessitate complicated conditions to occur, which means that the
absorption spectra, the energy levels, and miscibility between the third component
and the host system do not need to be perfectly matched. In parallel-linkage model,
by considering the example of TOSCs with the D1/D2/A structure, the excitons
generated in each individual donor (D1 and D2) diffuse to the corresponding
donor/acceptor interfaces and then dissociate into the free electrons and holes (see
Figure 1.10c¢). It is worth noting that there is no energy transfer and charge transfer
between D1 and D2 because the device works independently as two subcells (D1/A
device and D2/A device) connecting in parallel, analogous to a tandem architecture.
As aresult, the Jsc of this TOSC can be equivalent to the sum of the Jsc values of the
two individual subcells, whereas the Voc of the ternary blend lies between the Voc
values of two subcells. Apart from conventional composition-dependent multiblend
systems, which only employ a limited quantity of the third component, parallel-

linkage model has relatively high tolerance to third component composition ratios.

Yang et al. were the first to propose and introduce the concept of parallel
linkage mechanism using DTffBT:DTPyT:PCs1BM blend (D1/D2/A structure) with
the best PCE of >7%.%° At first, they fabricate two binary devices with each active
layer thickness of 50 nm, then they combined the two 50 nm-subcells into so-called
parallel-like bulk heterojunction (PBHJ) ternary solar cell with a total active layer
thickness of 100 nm. The two subcells with 50 nm-thick active layers contain
approximately the same quantity of individual components as that in the
corresponding PBHIJ cells with 100 nm-thick active layers. The result revealed that
the external quantum efficiency (EQE) of the TOSCs is close to that of the sum of

each subcell, indicating that the free electrons and holes generated in each subcell
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were transported via their respective transfer channels and gathered by the electrodes.
As a result, the Jsc of the TOSCs is nearly identical to the sum of the two subcells
with half the thickness of the active layer. The current record PCEs for parallel-
linkage dominant TOSCs were achieved by Zhang et al.%° in 2020 using Phi-Se as
third component added into PM6:Y6 binary blend with 16.4% PCE.

(iv) Alloy-like model

In contrast with the parallel-linkage model, the alloy-like model usually
requires the third component that has excellent compatibility with the donor or
acceptor of the host system. The good miscibility between A1/A2 or D1/D2 and their
similar structural backbones along with their similar electrical properties are reported
to facilitate a better-intermixed phase, forming either A1/A2 or D1/D2 electronic
alloy. A new charge-transfer state with a new mutual HOMO energy level and a new
LUMO energy level of a new single phase of two or multiple components is formed,
as shown in Figure 1.10d. As a result, the energy level changes with a variation of

the third component ratio, leading to the evolution of Voc in TOSCs.

The alloy model mechanism was first proposed by Thompson et al.%!

P3HTT-DPP:P3HT-co-EHT:PCs1BM blend in D1/D2/A configuration with PCE of
5.51%. Recently, Zhan et al.®? investigated an alloy-like model TOSCs by adding
BTP-M (A2) into a PM6:Y6 binary system. Different from Y6, BTP-M replaced the

using a

electron-pulling F atom of Y6 with the electron-pushing methyl group to afford
higher energy levels and lower crystallinity. Because of the similar chemical
structure, BTP-M showed excellent compatibility with Y6 and had higher HOMO
and LUMO energy levels in contrast to Y6. The compatible and similar electrical
characteristics resulted in the formation of alloy-like models. Owing to the
appropriate energy levels of the alloy, the energy loss was effectively reduced from
0.49 to 0.45 eV. Besides, the morphology of the TOSC was considerably optimized
by the alloy model formed by Y6 and BTP-M and the slightly lower crystallinity of
BTP-M resulted in achieving an excellent PCE of 17.03% with a Jsc of 26.56 mA
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cm™ and Voc of 0.875 V. The significant improvement in the photovoltaic
performance could be mainly attributed to the enhancement in the EQE and the

reduction in energy loss.
1.3.2 The role of the third component

The judicious selection of the third component and optimization of weight
ratio in ternary blend can play various roles in improving TOSC performance, mostly
from an electrical and/or morphological standpoint. Electrically, the third component
can serve as a charge-relay bridge and/or an energy transfer sensitizer for high-energy
region. Morphologically, it can induce enhanced crystallinity while maintaining the
appropriate phase domain size, which is predicted to facilitate the balanced of charge

dissociation and charge transport.
(i) Spectral and energetic modulation

The first consideration in selecting the third component in TOSCs is guided by
the requirement of extending or enhancing light absorption of the active layer, usually
into near-infrared (NIR) regions or covering strong absorption in most regions of the
solar spectrum. Therefore, it is a straightforward strategy to introduce a third
component with complementary absorption to its host binary blend. A common
method to enhance optical absorption is by synthesizing or selecting the third
component material based on their optical band gap, E;”’ that can extend or
complement those of host system. Generally, the organic semiconductor materials
can be classified into wide-, medium-, narrow-, and ultranarrow-E,*" materials,
proportionate to a progressive redshift of light absorption region. The wide-E%"
materials have a light absorption in the range of 350-550 nm, like polymer donor
P3HT and fullerene derivative acceptors. The medium-E,”" materials such as
PDBDB-T and PBDB-TF donors can cover the spectra at 400-650 nm, while the
narrow-E,°”" materials such as PTB7-Th donor and ITIC acceptor have the optical

absorption regions at 550—750 nm. For the ultranarrow E,* materials like IEICO and



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

Y-series nonfullerene acceptors, they have a low-bandgap that indicates strong

optical absorptions in the NIR region.

As the excitons dissociation primarily occurs at the D/A interfaces in the OSCs,
it is necessary to choose the third component material carefully in ternary blend to
enhance charge transfer efficiency. Therefore, the third component should have an
appropriate energy level alignment and offset between HOMO and LUMO of host
system to form a cascade-energy-level alignment or act as a sensitizer via an energy
transfer mechanism that can enhance solar energy utilization. The small energy offset
cannot offer an adequate driving force for effective charge transfer. In contrast, if the
offset is too large, it can cause unnecessary energy loss, leading to a low Voc. After
the excitons dissociate from the D/A interfaces, the free charge carriers are formed
and transported through electron transfer channel and hole transfer channel to the
corresponding electrodes. Thus, to balance the charge transfer in the blend, a higher
mobility material as an additive to the binary blend has been proposed by Liu et al.%
The more balanced electron and hole mobility of the device is favorable for charge

transfer and collection and the utilization of excitons, thereby contributing to the

improvement in the PCE of TOSCs.

(ii) Morphological regulator

It is well known that the photovoltaic processes of the OSCs are strongly
correlated with the microstructure morphology of the active layer and thus play a
critical role in determining the performance of TOSCs. An appropriate design and
selection of the material of the third component can effectively adjust the phase
separation scale, phase purity, and molecular packing arrangement of the different
components inside the active layer. Meanwhile, the active layer with multiple
subphase separations is more beneficial to the efficient separation of excitons, charge
transfer, and charge collection. By fine tuning the aggregation of molecules, the
charge transfer of the TOSCs can be strongly improved, thereby enhancing the PCE

of the device. Mixing a new component makes the BHJ nanostructure more
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complicated due to the higher complexity of the multimaterials interplay (e.g.,
miscibility). From the thermodynamic point of view, miscibility is a critical factor
for determining the degree of phase separation in a BHJ active layer. To be specific,
materials with better miscibility facilitate smaller and impure phase domains, while
limited intermixing between materials tends to create a relatively purer phase with
larger phase domains. The miscibility between multiple components can be
quantitively evaluated by the Flory — Huggins interaction parameters () or interfacial

tension (y) between the third component and the hosts.

(iii) Energy loss management

The Voc is an important device parameter to consider when evaluating the
performance of solar cells. In ternary OSCs, the selection of third component with
complementary absorption and suitable energy levels with respect to the host binary
system is critical factor for improving Jsc and Voc. Then, the total energy loss (Eioss)
of photo-generated currents in devices is highly important. The Ejo is calculated as
the difference between the minimal E, of the materials in the blend and the gVoc of
the device (Euwss= Eq— qVoc), where g is the elementary charge. Shockley and Quisser
developed a thermodynamic detailed balance theory approach for solar cells which
gives the universal Voc loss. The reduced energy loss in OSCs devices based on
Shockley—Quisser theory considers two main recombination losses: (1) the radiative
recombination losses that are caused by the unavoidable energy losses for any solar
cells (E; — gVoc™?) and additional radiative recombination from absorption below
the bandgap (gAVoc™ P1o%e%) " and the other is (2) the nonradiative recombination
loss (gAVoc™") is ascribed to any type of nonradiative recombination such as trap-
assisted recombination. Recently, it was reported that NFA-based OSCs exhibit
efficient charge separation even though the driving force approaches zero, resulting
in small gAVoc™dPe1o%e® encouraging us to employ the ternary strategy, especially
in the case of parallel or alloy model dominant systems, where Voc would be tuned

with the composition loading of the third component.5+6°
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(iv) Enhanced stability

Generally, the stability of OSCs is affected by various factors, such as exposure
to humidity and oxygen, thermal-stress-induced materials aggregation,
photooxidation of BHJ active layer, and the intrinsic microstructural instability due
to the spinodal demixing and/or crystallization of small molecular acceptors.’® The
morphological instability, including so-called “burn-in”, is introduced to denote the
degradation process in which the efficiencies of OSCs decline rapidly at the initial
stage of the operation and then become stable afterward. The burn-in process arises
from quenching of the active layer into a non-equilibrium nanostructure during the
kinetically driven solution deposition process.’®®” Severe fullerene dimerization via
photoinduced free radicals often occurs in polymer—fullerene based OSCs, resulting
in trap-assisted recombination due to increased photoinduced trap states and thus
significantly reducing the efficiency by 25 — 50%.%* In addition, fullerenes tend to
self-aggregate upon thermal stress leading to degradation and thus poor thermal
stability, while for NFA-based OSCs, negligible light-induced burn-in degradations
have been reported for some specific polymer-molecule systems via replacing
fullerenes by O-IDTBR and ITIC-series based small molecular acceptors.’® These
encouraging results point to the possibility of constructing stable ternary OSCs
containing NFAs. According to recent studies, the microstructural stability of NFA-
based OSCs is strongly influenced by the materials combination. Interactions among
components, such as miscibility, are critical in driving microstructural degradation at
thermodynamic equilibrium state. More specifically, the poor miscibility between
donor and acceptor (below the percolation threshold) would necessitate the use of
additional processing optimization methods (such as thermal annealing, solvent
annealing, or additives) to assist the D/A system in reaching a state above the
percolation threshold that is required for efficient charge transport, despite the fact
that this state is far from the metastable morphology state. This kinetically quenched
microstructure, however, would cause morphological deterioration, which originated

from the demixing of the mixed phases toward equilibrium state, limiting the long-
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term stability of OSCs devices. Furthermore, the strong crystallization of NFAs may
also thermodynamically deteriorate morphological stability. Therefore, to establish
stable morphology, material composites need to have a reasonable balance between
miscibility and suppressed crystallization of the small molecular acceptors, which

could be facilitated by adding a third component.
1.3.3 State-of-the-art ternary BHJ systems

According to the possible combinations of three components, all the TOSCs
can be classified into four categories, including polymer/polymer/small molecule,
polymer/small molecule/small molecule, all-polymer, and all-small molecule types.
Table 1.1 presents the development of the state-of-the art ternary BHJ system from

the first-time ternary strategy was introduced in 2009 to date.

1.4 Aims and outline of the thesis

High efficiency along with high stability and low-cost production are the
essential requirements for OPVs technology to reach the mature market. To meet
those requirements, the ternary approach and the contacts interface engineering
have been the most frequently used as the effective strategies to overcome the main
performance and stability limitations encountered in the active layer and the
interfaces between active layer/contacts, in which they play critical roles in
one/more photogenerated current processes. Ternary device can feature the
combined merits of extended light absorption of tandem device while maintaining
the simplification of device fabrication in single-junction BHJ architecture. In
addition, with a judicious selection of third component material, ternary device
enables an efficient exciton dissociation, improves the charge transport properties,
reduced the non-radiative recombination, and optimises the nanomorphology of

the blend. As the morphology of active layer is critically affected by the properties
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Table 1.1 Non-exhaustive data of over a decade of research into organic ternary solar cells. Pacesetter, pivotal, record blends,
J-V parameters, and respective working mechanism models. Each year, only data presenting higher efficiencies than the
previous year is included, and the trend is consistent. Table is reproduced from Ref®

Ternary blend Configuration =~ Weight ratio Voc JIsc FF PCE  Model Year
M) (mA cm?) (%) (%)
P3HT/ F8BT/ PCs1BM D1/D2/A 1/1.4/0.6 0.670 32 45.2 1.9 - 2009
P3HT/ PCPDTBT/ PCsiBM D1/D2/A 0.8/0.2/1 0.620 8.0 55.4 2.8 CTM* 2010
P3HT/ PCsiBM/ ICBA D/A1/A2 1/0.1/0.9 0.804 8.2 60.0 3.9 AM* 2011
P3HT/ CuMePc/ PC¢1BM D1/D2/A 1/1/2 0.580 16.3 56.0 5.3 AM 2011
DTffBT/ DTPyT/ PCsiBM D1/D2/A 0.5/0.5/1 0.870 13.7 58.9 7.0 PM* 2012
P3HT/ aza-BODIPY/ PCs;1BM D1/D2/A 0.9/0.1/1 0.560 7.9 64.7 2.8 ETM* 2013
PTB7/ PID2/ PC7:BM D1/D2/A 0.9/0.1/1.5 0.720 16.8 68.7 8.2 CTM 2014
PTB7-Th/ PID2/ PC71BM D1/D2/A 0.8/0.2/1.5 0.780 16.7 70.8 9.2 CT/ET-M 2015
PTB7-Th/ P(NDI20OD-T2)/ PC7:BM D1/D2/A 0.99/0.01/1.67 0.810 23.0 61.0 11.6  ET/PM 2016
PBDB-T/ IT-M/ Bis-PCs;1BM D/A1/A2 1/1/0.2 0.952 17.4 73.7 122 PM 2017
PTB7-Th/ COi8DFIC/ PC71BM D/A1/A2 1/1.05/0.45 0.727 274 73.4 146  AM/PM 2018
PM6/IT-4F/ Y6 D/A1/A2 1/0.24/0.96 0.844 254 75.9 163 AM 2019
PM6/ 3TP3T-4F/ Y6 D/A1/A2 1/0.18/1.02 0.850 26.1 75.4 16.7 CTM 2019
PM6/ PC7BM/ Y6 D/A1/A2 1/0.2/1.2 0.852 25.5 76.9 16.7 PM 2020
PM6/ BTP-M/ Y6 D/A1/A2 1/0.24/0.96 0.875 26.6 73.5 170 AM 2020
PM6/ DRTB-T-C4/ Y6 D/A1/A2 1/0.15/1.2 0.850 24.8 81.3 17.1 CTM 2020
PM6/ MF1/Y6 D/A1/A2 1.2/0.1/0.9 0.853 25.7 78.6 172 AM 2020

PM6/ MelC/ BTP-4F-12 D/A1/A2 1/0.12/1.08 0.863 25.4 79.2 174  CTM 2020
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Table 1.1 (cont.) Non-exhaustive data of over a decade of research into organic ternary solar cells. Pacesetter, pivotal, record
blends, J-V parameters, and respective working mechanism models. Each year, only data presenting higher efficiencies than
the previous year is included, and the trend is consistent. Table is reproduced from Ref®

Ternary blend Configuration =~ Weight ratio Voc JIsc FF PCE  Model Year
M) (mA cm?) (%) (%)
PM6/ ITCPTC/ Y6 D/A1/A2 1/0.06/1.14 0.861 25.7 78.8 174 ETM 2020
PM6/ PC7:BM/ BTP-eC9 D/A1/A2 1/0.2/1 0.855 26.2 71.7 174 CTM 2020
PM6/ C8-DTC/ Y6 D/A1/A2 1/0.12/1.08 0.873 26.5 75.6 175 CIM 2020
PM6/ S3/ Y6 D1/D2/A 0.8/0.2/1.2 0.856 25.9 79.2 175 AM 2020
PM6/ Y6-10/ BTP-BO-4F D/A1/A2 1/0.18/1.02 0.860 26.1 78.3 176  AM 2021
PM6/ BTTzR/ Y6 D1/D2/1 0.8/0.2/1.2 0.870 26.2 71.7 177 CTM/AM 2021
D18-Cl/ Y6-10/Y6 D/A1/A2 1/0.48/1.12 0.900 25.9 76.9 179 AM 2021
PM6/ AQx-3/Y6 D/A1/A2 1/0.4/0.8 0.870 26.8 77.2 18.0 CTM/AM 2021
PM6/ BTP-S2/ BO-4Cl D/A1/A2 1/0.3/0.9 0.861 27.1 78.0 182 - 2021
PBDB-TF/ PB2F/ BTP-eC9 D1/D2/A 0.8/0.2/1.2 0.863 26.8 80.4 18.6 CTM 2021
D18-Cl/ PCs1BM/ N3 D/A1/A2 1/0.1/1.4 0.849 28.2 78.0 18.7 - 2021
PBDB-TF/ HDO-4Cl/ eC9 D/A1/A2 1/0.2/1 0.866 27.1 80.5 189 AM 2021

* Introduction of the working mechanism. CTM is the abbreviation of charge transfer mechanism, ETM is electron transfer mechanism,
AM is alloy-like model, and PLM is parallel-linkage model.
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of underlying interfacial layer, therefore engineering and optimization of the buffer
layers, especially the cathode interface of the device has been demonstrated to
improve the device performance and stability. However, due to the myriad options
of third component and buffer layer materials with varied physical and chemical
properties, a proper selection of the materials that match certain applications and are
able to show a simultaneous improvement in device performance and stability

remains a challenge.

The scientific community has made this significant progress in understanding
the underlying mechanism that occurs by the addition of a third component in ternary
OSCs as well as by engineering the cathode interface in BHJ OSCs, however those
advances are mostly investigated under 1 sun condition and for a conventional solar
module application. Owing to the aforementioned unique properties of OSCs over
their inorganic counterparts, the OSCs have a great potential to create their specific
market as indoor OSCs and semitransparent OSCs. Different from conventional
OSCs modules under 1 sun condition, indoor and semitransparent OSCs have their
own challenges, so different strategies should be taken into account for their
performance and stability optimization. The poor absorption mismatching between
the active layer and light sources spectra, high energy-loss, and unexpected
recombination are key limitations in indoor OSCs; whereas the compromise between
PCE and average visible transmittance (AVT) is a critical issue in semitransparent
OSCs. Inspired by the efforts to develop high-performance traditional outdoor OSCs,
interfacial engineering and ternary strategies should be good approaches to overcome

those issues in indoor and semitransparent OSCs.

In this thesis, combining the interfacial engineering and ternary strategies to
improve the device performance and stability of OSCs for versatile applications, we
conducted research, and the work done is summarized in this study. First, we have
investigated the performance and photostability of binary fullerene-based OSCs

using an interface engineering strategy under 1 sun condition and under indoor LED
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illumination. Then, for traditional outdoor application, we have employed the ternary
strategy by adding the novel fluorinated metallophthalocyanines MPcFss and
commercial ITIC-M or PC70BM as third components in binary fullerene-based and
binary nonfullerene-based blends, respectively, to improve the device efficiency and
stability. Yet, a ternary strategy using the state-of-the-art Y-series nonfullerene
acceptors can be applied to obtain efficient and stable semitransparent nonfullerene-
based OSCs. As of last, we have introduced combined frequency and time-resolved
techniques to study in-depth the shelf lifetime degradation of OSCs in accordance
with the ISOS-D1 protocol. The whole study is organized into eight chapters.

Chapter 1 introduces the background introduction to the development of
organic semiconductors and organic photovoltaics. The basic photo-electric
conversion, working principles, and photovoltaic performance parameters of organic
solar cells are explained in detail afterward. A particular focus on basic physics of
ternary organic solar cells is elaborated. Finally, the state-of-the-art of ternary OSC

systems are described.

Chapter 2 is devoted to experimental methods and materials used in this thesis
to elucidate the theoretical background given in Chapter 1. Chemical structures of
photoactive materials will be provided, as well as detailed instructions on how to
conduct the experiments. Working principles of spectroscopic techniques
(absorption, PL, IS, TPV/TPC) and characterization setup will be introduced, along

with its specifications.

Chapter 3 will discuss the forthcoming application of organic solar cells as
indoor energy harvesters under artificial light illumination. The device performance
and stability of fullerene-based OSCs under indoor 2700 K LED light versus standard
I Sun illumination will be comparatively studied. A cathode interface engineering
using three different ETL materials will be discussed comprehensively as a strategy
to improve the indoor OSCs performance. Finally, to further accelerate the

commercialization of OSCs in the Internet of Things (IoT) market, the photostability
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study and degradation mechanism of highly efficient indoor OSCs will be analysed
along with the photoaged OSC under 1 sunlight.

Chapter 4 will expand the work of the optimized fullerene-based binary BHJ
OSCs from Chapter 3 with the addition of novel organic semiconductor materials as
third components to construct an efficient ternary BHJ OSCs. The effect of different
central metal atom from fluorinated zinc and copper metallophthalocyanine MPcFasg
as third component on the performance of ternary OSCs will be investigated. The
materials and device characterizations will be discussed in order to gain more
understanding of the influence of metal atom substitution on the photovoltaic

properties, blend surface morphology, and device photostability.

In contrast to the widely used fullerene acceptors in Chapter 4, Chapter 5
introduces nonfullerene acceptors that have propelled OSCs efficiencies in binary
BHIJ or ternary BHJ OSCs. High performance of state-of-the-art PM6:Y7 blend
OSCs will be optimized to enhance its device performance and photostability by a
ternary strategy. Herein, two different acceptor materials systems, such as
nonfullerene ITIC-M and fullerene PC70BM will be incorporated into the PM6:Y7-
blend. Although the studied third component materials have a distinctly different
chemical structure, they possess high-lying lowest unoccupied molecular orbital
(LUMO) and good miscibility with nonfullerene acceptor Y7 that may affect the
performance of the studied ternary OSCs. The optical, morphological, electrical,
transient and time-resolved measurements will be carried out to elaborate on the
effect of the third components on the device performance and photostability of

ternary nonfullerene OSCs.

Benefiting from the NIR spectrum from most nonfullerene acceptors, Chapter
6 presents the advanced technology application of OSCs from its semitransparent
properties using a nonfullerene-based ternary strategy. Thanks to the nature of NIR
absorption and tunable energy alignment, the rising star of Y-series acceptors is

chosen and will be added into the state-of-the-art PTB7-Th:IEICO-4F
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semitransparent binary blend to investigate their roles in the device performance, the
transparency properties, and the operational stability (thermal- and photo-stability)
of TOSCs. Some electrical, optical, and morphological characterization will be
further discussed to gain perspective on balancing the trade-off between PCE, AVT,

and stability, which are the main challenges for efficient semitransparent OSCs.

To be able to enter the mature market, understanding the degradation
mechanism in OSC is as important as fabricating high-performance and multi-
functional devices. Chapter 7 will focus on the stability study of OSCs, specifically
on the shelf lifetime analysis of PTB7-Th:PC7;0BM-based OSCs using combined
frequency and time-resolved techniques. Following the ISOS-DI1 protocol, we
further observe the whole degradation process of each layer with the aid of advanced
photophysics techniques, impedance spectroscopy (IS), and
photovoltage/photocurrent transient (TPV/TPC). The observed degradation
mechanism detected by each technique and the combination of both will be

elaborated on.

In the last chapter, Chapter 8 summarizes the main results obtained from the
appended papers of this thesis. The short outlook for future research using interface
engineering and ternary blend approaches in organic solar cells for versatile
applications such as indoor, flexible, and semitransparent OSCs will be further

presented.
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Chapter 2

Materials and experimental section
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2.1 Materials

The materials used in this thesis are either commercially available or supplied
by our collaborator. In the organic BHJ solar cells, the absorption takes place in the
active layer, which consists of the electron donor and the electron acceptor organic
semiconductor materials. Figure 2.1 shows the molecular structures of the
conjugated polymer donors and small molecule acceptors studied in this work. The
donor polymers purchased by chemical companies are PTB7-Th (1-Material),
PBDB-T (1-Material), and PBDB-TF (known as PM6, 1-Material). The small
molecule acceptor material of the fullerene derivative PC70BM was purchased from
Solenne B.V., and the nonfullerene materials ITIC-M, Y1, Y5, Y6, and Y7 were
provided by 1-Material, while ZnPcF4gs and CuPcF4s were synthesized by Prof.
Angela Sastre-Santos (Universidad Miguel Hernandez de Elche, Spain). The
corresponding HOMO and LUMO energy levels of all photoactive materials studied
are shown in Figure 2.2. The addition of solvent additives in a photoactive BHJ blend
aids in improving the device performance, therefore 1,8-diiodooctane (Alfa Aesar)

and 1-chloronapthalene (Sigma-Aldrich) were used in this thesis.

The buffer layers are sandwiched between the active layer and the electrodes.
These interlayers have a function to reduce interface barriers and selectively transport
the hole and electron carriers from active layer to the electrodes. Based on their
function, the buffer layers are classified as hole transporting layer (HTL) and electron
transport layer (ETL). Without further purification and pretreatment, we directly used
commercially available PEDOT:PSS (Clevios TM) solution, vanadium oxide (V20s)
and molybdenum oxide (MoOx) powders (Sigma-Aldrich) as HTL materials. For
metal-oxide ETL materials, we used pre-treated zinc oxide (ZnO) and titanium
dioxide (TiOx). The ZnO-solution precursor was prepared by sol-gel process,
dissolving zinc acetate dehydrate in 2-methoxylethanol and ethanolamine. The sol-
gel method was also employed to prepare TiOx-solution by dissolving titanium

isopropoxide, 2-methoxylethanol and ethanolamine. The materials to prepare ZnO
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and TiOx solution were purchased from Sigma-Aldrich. For the organic ETL
materials, we purchased polymer PFN and small-molecule PDINO from 1-Material
and we carried out a pre-treatment by dissolving them in methanol. Figure 2.3

depicts the chemical structures of the buffer materials used in this thesis.
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Figure 2.1 Chemical structure of the organic semiconductors used as photoactive layer in
this thesis.
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Figure 2.2 HOMO and LUMO energy levels according to the literature for the organic
semiconductor materials used in this thesis.
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Figure 2.3 Chemical structure of the polymer and small molecule buffer layers used in this
thesis.

The transparent electrode used was Indium Tin Oxide (ITO) patterned glass
substrates which were purchased from PsiOTec Ltd. As back contact electrodes, high
purity of 99.99% for silver wire and gold each were purchased from Testbourne Ltd.
and thermally evaporated under vacuum conditions. A quart crystal thickness
analyzer within the evaporator chamber was employed to measure the thickness of

the back electrodes.
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2.2 Deposition techniques

The deposition of the solution-processed layers, such as active layers and the
buffer layers in this thesis was mainly using the spin-coating method. In addition,
the vacuum thermal evaporation method was used to deposit the powdered buffer

layers or metal top electrodes.
2.2.1 Spin-coating

Spin-coating is a commonly used solution method in lab-based scale
fabrication to form a thin-film of effectively uniform thickness from solution-
processed materials. Spin-coating is carried out in four steps, deposition, spin-up,
spin-off, and evaporation. A few amounts of solution are dropped onto the center of
a substrate, and the substrate is accelerated to a high angular velocity to
simultaneously spin-up and spin-off the solution and evaporate the solvent. This
stage is followed by drying of the coated film, forming a thin film of the material on
the surface of the substrate. In general, the material efficiency is quite low,
approximately 2-5% of materials are dispensed onto the substrate, while 95-98% of
material is flung off and discarded throughout the process. Although spin-coating is
not a compatible method with large-scale continuous in roll-to-roll (R2R)
manufacturing, relatively high uniformity and well-controlled thickness can be
acquired by this deposition technique. The thickness of the wet film is inversely
related to the spin speed and depends on the properties of the solution (concentration,
viscosity, surface tension, drying rate, etc.). The spin-speed unit of this method is

revolutions per minute (rpm) which signifies the number of turns in one minute.”

In this thesis, all photoactive layers, PFN, TiOx, ZnO, PDINO, and
PEDOT:PSS layers were deposited by spin-coating method using a spin-coater
machine model WS-400B-6NPP/LITE from Laurell Technologies Corporation.
Figure 2.4 shows the spin-coater machine and the illustration of spin-coating

working principle.
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Figure 2.4 (a) The picture of spin-coater machine used in this thesis and (b) the illustration
of spin-coating working principle.

2.2.2 Vacuum thermal evaporation

Vacuum thermal evaporation (VTE) is a well-known vacuum deposition
technique for coating thin films of pure solid materials such as metals, non-metals,
oxides, nitrides, and organic materials. The coated films are usually in the thickness
range of angstroms to microns and can be a single material or multiple materials in
a layered structure. The VTE technique is advantageous for its simplicity
(evaporation of numerous layers or co-evaporation of various compounds), its high
precisely film-thickness control (0.5 nm), and its high homogenous of the deposited
films.”! However, the wasteful consumption of the material and non-uniformity of
the deposition rate are the main drawbacks that made it unsuitable for the R2R
process. The VTE process involves heating a solid material until overcome its
melting point, then evaporates and facilitates the vapor particles moving and directly
reaching a cold substrate surface where these vapors again change to a solid-state.
To get high melting points of source materials, a large direct current (DC) passes
through a resistive boat/crucible (made of a high melting point metal such as
tungsten, molybdenum, or tantalum), where the ultra-high vacuum condition (<1x10"

® mbar) supports the evaporation of the metal and further carrying it to the substrate.
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The substrates are placed upside down (toward the direction of evaporation) in a
substrate holder and protected by a deposition shutter that is in the open position
during evaporation process, as shown in Figure 2.5a. In this thesis, the V205, M0oOx,
Au, and Ag layers were thermally evaporated under high vacuum by an evaporator
located in a glove-box model MB20/MB200 from MBRAUN. The metals can be
evaporated by manual deposition controller that is shown in Figure 2.5b and the

working principle of thermal evaporation is depicted in Figure 2.5¢c.
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Figure 2.5 Picture of (a) different parts of vacuum thermal evaporator and (b) manual
deposition controller used in this thesis, (c) the illustration of VTE working principle.

2.3 Device fabrication

The OSCs cells fabricated in this thesis were based on conventional and
inverted device architectures, as shown schematically in Figure 2.6. For both types
of OSCs, the general cleaning method for ITO-patterned glass substrates was used.
The first step of the substrate cleaning is critical to avoid any impurities and dust
contaminants that might affect the final performance of the OSCs. Before the
deposition of the buffer and active layers, ITO-patterned glass substrates with a sheet

resistance of 10 Q cm™ were cleaned using a surface-active cleaning detergent
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diluted in deionized water. Afterward, the substrates were rinsed using deionized
water and blow-dried with a nitrogen air gun. Subsequently, the substrates were
sonicated in acetone, methanol and isopropanol anhydrous solvents in a sequence for
10 min each. The cleaned ITO-glass substrates were blow-dried under nitrogen
stream and transferred to an oven at 100°C for 10 min to remove any residual
solvents. Then, the cleaned ITO substrates were placed in ultraviolet-ozone chamber
for 15 min to activate the ITO surfaces and to further remove any organic residues

from their surfaces.

N L < S L ¢ ’
llTOIGIass substrate ITO/Glass substrate

Figure 2.6 Device architecture of organic solar cells with (a) conventional and (b) inverted
structure.

(i) Conventional structure

As shown in Figure 2.6a, the conventional structure of BHJ solar cells studied
in this work consists of ITO/HTL/active layer/ETL/Ag. PEDOT:PSS was used as
HTL to improve hole collection by the ITO. A 30 nm thin-film of PEDOT:PSS was
obtained by spin-coated the filtered PEDOT:PSS solution through a 0.2 um PTFE
filter on ITO substrates at 4000 rpm for 40 sec, then annealed at 150°C for 15 min in
atmospheric air. The PEDOT:PSS-coated substrates were transferred to a high-purity
nitrogen-filled glove box for further processing. The active layer was deposited on
the top of HTL by spin-coating method. In this thesis, donor polymers PBDB-TF
(PM6) and seven acceptors (Y1, Y5, Y6, Y7, ITIC-M, IEICO-4F, and PC70BM) were
investigated in the conventional geometry of the studied devices. The details of

active layer preparation and deposition are listed in Table 2.1. As the ETL material
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in the conventional structure, PDINO was used and dissolved using methanol with
the concentration of 1.5 mg mL™! and its solution was spin-coated on the active layer

at 3000 rpm for 30 sec to obtain 15 nm thickness.

(ii) Inverted structure

The inverted architecture of OSC devices was fabricated with the structure of
ITO/ETL/active layer/HTL/Ag schematically depicted in Figure 2.6b. PFN, TiOx,
and ZnO were employed as ETL materials for the studied inverted OSCs in this
thesis. As organic ETL, PFN precursor solution was prepared by dissolving PFN
powder in methanol with the presence of a small amount of acetic acid (1.84 pL mL"
1, giving a total concentration of 1.84 mg mL!. A thin layer of PFN was spin-coated
on ITO glass substrate at 4000 rpm for 60 sec to obtain 10 nm thickness. On the other
hand, the inorganic metal oxide ETL of ZnO was prepared by sol-gel process,
dissolving 150 mg of zinc acetate dehydrate in 1 mL of 2-metoxylethanol with 30
pL ethanolamine as a stabilizer, then the mixture was left for 1 h under vigorous
stirring at 70°C and was diluted by methanol 1:1 (v/v) ratio to obtain ZnO-precursor
solution. Afterward, to obtain 15 nm ZnO thin film, the ZnO-precursor solution was
deposited on the top of precleaned ITO substrates by spin-coating at 4000 rpm for
40 sec and then was annealed at 200°C for 1 h under ambient environment. In
addition, TiOx as another metal oxide ETL was also prepared by sol-gel process, in
which 1 mL of 2-methoxyethanool, 0.1 mL ethanolamine, and 0.2 mL titanium
isopropoxide were stirred at 120°C for 3 h and then was diluted with methanol 1:6
(v/v) ratio to acquire TiOx precursor solution. A 15 nm thickness layer of TiOx was
obtained by spin-cast the TiOx at 6000 rpm for 45 sec and then annealed at 400°C
for 5 min. Before the deposition of active layer, the deposited layer of ZnO and TiOx
were exposed under UV illumination for 10 min while the deposited PFN layer
substrate was illuminated with UV light for 30 sec to fill the light traps within the
ETL, thus reducing the light-soaking effect. Then, the donor polymers of PTB7-Th
or PBDB-T and small molecule acceptors of PC70BM or ITIC-M were employed as
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the active layer studied in the inverted structure. The details of the corresponding
active layer preparation and deposition are summarized in Table 2.1. As HTL in the
inverted structure, a very thin layer of V205 (5 nm) or MoOx (10 nm) was deposited
at rate of 0.05 kA s™! on the top of active layer by VTE under high vacuum conditions
(<1 x 10 mbar).

ITO/glass substrate cleaning UV treatment

N r Ty f N UV light exposure
— e e (254 for 15 mins)
=7 — __Jrey
ITO/glass Detergent -
SUbstrats Distillation water ~ /\°&0n® Isopropancl
Active layer deposition ETL deposition
Annealed %
400°C, 5 min Y
Spin coating Spin coating - - 4
PTB7-Th:PC.,BM h AR o, <olution
solution | 6000 rpm, 45 sec

750 rpm, 30 sec

y 4
> >

‘3%

. l 1:1.5 wiw D:A .
25 mg mL"!
! Stirred at 40°C, 18 h
‘) Aging 48 h

HTL and Ag deposition

Shadow
mask

P

Thermal
Evaporation

V5,053 nm

Thermal Evaporation
Silver 100 nm

Figure 2.7 Inverted OSC step-by-step fabrication procedure.

Clean ITO glass
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0.2 mL titanium isopropoxide
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Table 2.1 Details of active layer preparation and deposition conditions for the fabricated devices in this thesis.

Blend D:A Total Solvent Solutions Aging  Spin  Post-
weight concentration pretreatment speed deposition
ratio [mg mL"] [rpm] annealing

PTB7-Th:PC;BM 1:1.5 25 97 vol% CB, 3 vol% DIO stir 40°C, 18 h 48 h 750 None
PTB7-Th:PC70BM:CuPcF4g 1:1.5:0.03 25 97 vol% CB, 3 vol% DIO stir 40°C, 18 h 48 h 750 None
PTB7-Th:PC7BM:ZnPcFas 1:1.5:0.03 25 97 vol% CB, 3 vol% DIO stir 40°C, 18 h 48 h 750 None
PTB7-Th:CuPcFas 1:1 20 97 vol% CB, 3 vol% DIO stir 40°C, 18 h 48 h 750 None
PTB7-Th:ZnPcFas 1:1 20 97 vol% CB, 3 vol% DIO stir 40°C, 18 h 48 h 750 None
PTB7-Th:IEICO-4F 1:1.5 20 96 vol% CB, 4 vol% CN stir RT, 18 h None 1500  100°C, 5 min
PTB7-Th:IEICO-4F:Y5 1:1.3:0.2 20 96 vol% CB, 4 vol% CN stir RT, 18 h None 1000  100°C, 5 min
PTB7-Th:IEICO-4F:Y6 1:1.4:0.1 20 96 vol% CB, 4 vol% CN stir RT, 18 h None 1500  80°C, 5 min
PTB7-Th:IEICO-4F:Y7 1:1.3:0.2 20 96 vol% CB, 4 vol% CN stir RT, 18 h None 1500  100°C, 5 min
PTB7-Th:IEICO-4F:Y1 1:1.3:0.2 20 96 vol% CB, 4 vol% CN stir RT, 18 h None 1000  100°C, 5 min
PTB7-Th:Y6 1:1.5 25 96 vol% CB, 4 vol% CN stir RT, 18 h None 1000  100°C, 5 min
PBDB-T:ITIC-M 1:1 20 96 vol% CB, 4 vol% CN stir 80°C, 3 h None 1000  80°C, 5 min
PM6:Y6 1:1.2 18 99.5 vol% CF, 0.5% CN stir 80°C, 3 h None 1500  90°C, 5 min
PM6:Y7 1:1 20 99.5 vol% CB, 0.5 vol% CN  stir 80°C, 3 h None 4000  90°C, 5 min
PM6:Y7:1TIC-M 1:1:0.1 20 99.5 vol% CB, 0.5 vol% CN  stir 80°C, 3 h None 4000  90°C, 5 min
PM6:Y7:PC70BM 1:1:0.1 20 99.5 vol% CB, 0.5 vol% CN  stir 80°C, 3 h None 4000  90°C, 5 min
PM6:1TIC-M 1:1 20 99.5 vol% CB, 0.5 vol% CN  stir 80°C, 3 h None 4000  90°C, 5 min
PM6:PC70BM 1:1 20 99.5 vol% CB, 0.5 vol% CN  stir 80°C,3 h None 4000  90°C, 5 min
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As top electrodes in either inverted or conventional structures, silver (Ag) wire
or gold (Au) with high purity of 99.99% was evaporated under high vacuum
conditions (< 1 x 10 mbar) and the deposition rate of 0.1 — 0.4 kA s™! was set to
form a 100 nm Ag or Au thickness using a patterned mask. The effective area of the
cell was 0.09 cm?, which was determined by an optical microscope. Figure 2.7

illustrates the step-by-step procedure for device fabrication in an inverted structure.

2.4 Characterization techniques

Before going into details of each characterization technique used within this
thesis, it is worth acknowledging some collaborators who helped to measure and
analyze the experimental results of the studied devices in this thesis. The charge
extraction (CE) and transient photocurrent/photovoltage  (TPC/TPV)
characterization were carried out with the help of Dr. Maria Méndez under the
supervision of Prof. Emilio Palomares from the Institute of Chemical Research of
Catalonia (ICIQ-BIST). Transmission electron microscopy (TEM) analyses were
performed with the help of Dr. Rita Marimon from the URV Microscopia laboratory

center.

Excluding some ambient degradation analysis measurements, all the electrical
and photophysics characterizations were carried out under nitrogen environment
(H20 < 0.1 ppm and Oz < 0.1 ppm). To protect the devices from degradation since
all the characterization systems work under environmental conditions, the devices
were put inside a samples-holder from Ikerlan Ltd. (see Figure 2.8) sealed under
nitrogen conditions inside the glovebox. On the other hand, for the ambient
degradation measurement, the devices were set in the samples-holder under

environmental conditions.
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Diode selector switch

[ ™ OSC cells

Cell selector switch

Figure 2.8 Sample-holder used to place the studied devices for the transportation and
measurements outside the glovebox.

2.4.1 Photovoltaic device characterizations

Current density — voltage characteristics

The current density — voltage (J-V) characteristics of the studied devices were
measured by a computer-controlled Keithley 2400 source measure unit in the dark
and under illumination. The AM 1.5G simulated solar simulator (Abet Technologies
model 11000 class type A, Xenon arc) was employed as the light source to measure
J-V characteristic of the cells under standard illumination at a light intensity of 100
mW cm?. The light intensity was calibrated by using an NREL-certified
monocrystalline photodiode cell. For the indoor light application measurement, a
commercial LED lamp (warm white lamp with a color temperature of 2700 K Philips
A60 13W E27) was used as an artificial indoor light source with the different
illuminances of the LED light measured by a digital light meter (Spectra Cine,
Candela II-A, Model C-2010 EL). The distance between the artificial light source
and the devices were kept constant. The incident LED light intensities were obtained
by adjusting the power supply calibrated by a silicon-cell pyranometer (calibration
factor of 5.0 W m? mV"!, model MP-100, Apogee Instruments, Inc.). All the J-V
characteristics were carried out at room temperature. The J-V curves were measured
in the forward direction with a scan step of 0.01 V and a dwell time of 2 ms. The
experimental setup for J-J measurement in the dark or under AM 1.5G is shown in

Figure 2.9.
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Home-built software

Figure 2.9 The experimental setup for J-V characteristics measurements under AM 1.5G
illumination or in the dark.

Short-circuit current density and open-circuit voltage dependency on

light intensity

The J-V characteristics dependence over different light intensity
measurement using a set of optical density filters has proven to be a powerful tool
for determining the dominant recombination loss mechanism in OSC devices.*
These optical filters help to fix the intensity of the AM 1.5G light passing through to
the devices from the light source. Figure 2.10 shows the J-V curves obtained from
the same device under different light intensities. The Jsc and Voc values from the
measured J-V curves of the device were extracted at each light intensity and then
plotted it in a log-log scale for Jsc vs. light intensity curve and in a semi-log scale for
Voc vs. light intensity curve, as displayed in Figure 2.11. From the Jsc vs. light
intensity curve, a power law dependence of S1 from equation Jsc X Pjign>' can be
extracted, and it is possible to predict if there are photocurrent losses under short-
circuit conditions. In an ideal case, photocurrent loss is negligible under short-circuit
condition if S1 value close to 1 (see Figure 2.11a). On the other hand, the ideality
factor n value can be extracted from Voc vs light intensity curve from equation 1.2.
The working OSCs devices usually have n values between 1 and 2, where the n value

equal to 1 signifies band-to-band recombination while the » value close to 2 means
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the trap-assisted recombination or SRH recombination is dominant.
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Figure 2.10 The J-V characteristic dependency of PTB7-Th:PC7BM device over different

light intensities.
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Figure 2.11 The estimated S1 and # values from the plot of (a) log-log Jsc vs. light intensity
curve (b) semi-log Voc vs. light intensity curve obtained from the JJV curve in Figure 2.10.

Photocurrent density versus effective voltage measurement

Photocurrent density (J,1) as a function of the effective voltage (Vey) was

measured to investigate the photocarrier dynamic process. The J,; is defined as J,, =

Ji —Jp, where J;, and Jp represent the current densities under illumination and in the

dark, respectively. From the resulting J,4-V characteristics, the compensation voltage

(Vo) at Jpn, = 0 was defined, as shown in inset Figure 2.12. In Figure 2.12 the Jy vs

Verris plotted on log-log scale, where the Veyris defined by Vo — Vapp (applied voltage).
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It is demonstrated that at small effective voltage (Vo — Vapp < 0.1V) the photocurrent
increases linearly with the Vey and at Vo — Vapp > 0.1V the photocurrent enters the
saturation regime in which the photocurrent is governed by the field- and
temperature-dependent dissociation of e-h pairs.”” At higher reverse voltage Vo— Vapp
> 1V, Jyn value comes into the saturated state (Jsr) and becomes field and
temperature independent, indicating that almost all excitons can be effectively
dissociated into free charge carriers and then extracted by two separate electrodes by
the applied field. The exciton dissociation efficiency (Puiss) and charge collection
efficiency (Pcou) can be calculated by J,i/Jsa: values under short-circuit and maximal

power output conditions, respectively.

100+
i —o—PM6:Y7
o
IE o
T OO N.‘; 20
< 104 5° § w0
E & g,
T £ o
- /O 3 L
i % 30 +—1
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1 ——— ——rrrrrr
0.01 0.1 1

Veff (VO'Vapp)

Figure 2.12 The J,, versus Ve characteristic of PM6:Y7 device. The inset shows the J;, Jp,
and J,; as a function of applied voltage, whereas the blue arrow indicates the Voc and the
purple arrow the compensation voltage (V9), respectively.

2.4.2 Space charge limited current method

The hole and electron mobilities were measured by adopting the space charge
limited current (SCLC) method for electron-only and hole-only devices. The

configuration of hole-only and electron-only devices was ITO/PEDOT:PSS/BHIJ
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active layer/MoOx/Au and ITO/ZnO/BHJ active layer/PDINO/Ag, respectively.
According to the Mott-Gurney equation, the measured dark current was fitted to the
SCLC model to determine the charge carrier mobility:’?

Isce = 28057‘#2—2 2.1)
where J is the measured current density, € is the permittivity of vacuum (8.85 x 10"
4 F cm™), ¢ is the relative dielectric constant of the materials (estimated to be 3 for
organic semiconductors),’* u is the charge carrier mobility, d is the thickness of the
films (~100 nm). Vis the difference of applied voltage (V) and offset voltage (Vz:).
The data are recorded with a Keithley 2400 by sweeping from 1 to 9 V at a scan rate
of 40 mV s!. The carrier mobility can be calculated from the slope of 2 in the log-

log dark J-V curve, as shown in Figure 2.13.
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Figure 2.13 The log-log dark J-V characteristic showing the current limited by Ohmic,
shallow-trap SCLC, trap-filled-limited SCLC, and SCLC.

2.4.3 Steady-state spectroscopy

UV-Vis Spectroscopy. The ultraviolet-visible (UV-vis) spectroscopy is
employed to get any information about the absorbance / reflectance / transmittance

spectra of a compound in a solution or a thin-film state. To perform solution
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absorption measurement, the sample was diluted in chloroform or chlorobenzene
(analytical grade) which used as the solvent in the quartz cuvette at room
temperature. For thin-film state, the sample was prepared in the quartz glass by using
the same treatment as depositing the layer in a device. In principle, the UV-vis region
is in the wavelength range from 300 to 900 nm. The different absorption spectra
observed in different wavelength is due to the different chromophore responses to
different electrons excitation behaviour of the material by the absorbance of light
energy or electromagnetic radiation. The UV-vis spectra were recorded on Perkin
Elmer Lambda 950 UV/Vis/NIR spectrometer using an integrated sphere at room
temperature. Figure 2.14a shows the UV-vis spectrophotometer used for the

absorbance and transmittance spectra analysis in this thesis.

The energy of the optical bandgap (E.°"") can be calculated accordingly to the
equation 2.2:

opt = hxla 1220
E, (eV)—hx/1~ 7 (2.2)

where A denotes the absorption edge wavelength onset expressed in nm, obtained
from the offset wavelength derived from the low energy absorption band as

represented in Figure 2.14b.

(a) (b)
Integrated
sphere
Halogen light

SOUICE S0, a4 . =
E
g _U
£
“

Thin film sample

Solution sample and

blank in cuvette

Figure 2.14 (a) The experimental setup of UV-vis spectrophotometer and (b) schematic
representation of a UV-Vis spectrum and the respective optical band gap energy estimation
in this thesis.
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Photoluminescence spectroscopy. Photoluminescence (PL) measurements
were carried out on active layers, which were recorded on fluorolog Horiba Jobin
Yvon Lrd. steady state spectrofluorometer with a PMT (UV-vis) detector that allows
fluorescence measurements in the wavelength range from 250 to 850 nm at room
temperature. The fluorescence spectrum was corrected for the optical density of the
sample at the excitation wavelength and for the detection sensitivity of the detector.
The thin-film sample was prepared by spin-coating the sample under the same
condition as the active layer deposition condition. The excitation wavelength was

determined in the lower energy of the absorption peak.

External quantum efficiency measurement. The external quantum
efficiency (EQE), alternatively so-called the incident-photon-to-current (IPCE) is
defined as the ratio of the number of incident photons to the number of charge
carriers extracted by a photovoltaic device. The EQE is related to the combination

of five fundamental processes, as described by equation 2.3:

Nege = Na X Nep X Nep X Ner X Nee (2.3)

in which each term has the name of light absorption (na), exciton migration (Mep),
exciton dissociation or charge separation (ncp), charge transport (ncr), and charge
collection to the electrodes (ncc).”” In this thesis, the EQE spectra were recorded by
quantum efficiency measurement system from Lasing, S.A. (IPCE-DC model,
LS1109-232) equipped with a Newport 2936-R power-meter unit, a Xenon lamp
power supply, and a monochromator. All the EQE measurement were performed
under forwarding wavelength sweep direction from 300 nm to 1000 nm. The
experimental setup for EQE measurement is shown in Figure 2.15. Experimentally,
the light from a broadband light source such as a Xenon lamp is sliced and filtered
through a monochromator to create a single wavelength source. Each wavelength
records the number of generated electrons. The equation 2.4 can be used to determine

the calculated EQE value:

_ hvJsc
EQE = vy 2.4)
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where Av is the photon energy, Pi, is the incident light intensity, and ¢ is the absolute
value of electron charge. Since the EQE is the spectral response of the cell, the

integrated Jsc ok of the cell under illumination can be calculated by:
Isc.eoe = [ 4EQE(D)S(A)dA (2.5)

where S(A) is photons per second. The Jscuris generally measured from the J-V
characteristic under the solar simulator and the calculated Jsc eor is typically lower

than the Jsc s for OSCs with a small deviation (<10%).

Xenon lamp |gel Monochromator

Figure 2.15 The EQE measurement experimental setup.

2.4.4 Time-resolved spectroscopy

Charge extraction. Charge extraction (CE) is a large modulation technique
that measures the amount of stored charge present in the solar cell. Figure 2.16
illustrates the CE measurement and its corresponding process. Here, the solar cell is
positioned in front of a white LED array (LED from LUXEON Lumileds and
powered by an Aim-TTi PLH120-P power supply), where the light intensities of
white LED can be modulated to stabilise the Voc of the solar cell at some point of J-
V curve. After the Voc is balanced, the solar cell is short-circuited (V' = 0V) through

a circuit containing a small resistance (50 Q) whilst the light source is simultaneously
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switched off. When short circuited, most of the free charges in the solar cell flow
through the resistor to create a current transient due to the solar cell discharged
through the contacts. It is important to note that CE extracts all the kinds of charges
like carries and the geometrical charges presented at the cell at a given voltage. Thus,
charge extraction must be faster than the carrier recombination to prevent the charge

losses before the cell is short-circuited.”®

(b)

System | ghort-  Open-  Short-
status | gircuited  circuit  circuited

Solar cell
Light
OFF ON OFF
Oscilloscope
ima Registered Voc
voltage \
Smallresistor
500 Time

Figure 2.16 (a) The charge extraction measurement and (b) its corresponding process. The
figure is modified from Ref 7°.

Transient photovoltage/photocurrent. The transient
photovoltage/photocurrent (TPV/TPC) is the time-resolved technique employed to
calculate the charge carrier lifetime of organic solar cells. Both techniques are based
on the excitation of the device by a fast and small perturbation of the incident light
perturbing the solar cell. In particular, TPV technique is leveraged to study the carrier
recombination process in solar cell device by perturbing the solar cell Voc under
illumination in open-circuit condition, which can be directly associated with a small
perturbation of the quasi-Fermi level.”” On the other hand, TPC through the
Differential Capacitance (DC) analysis is used to measure the extra carriers in the
solar cell generated by laser pulse-induced perturbation in short-circuit conditions.
Unlike the CE method, an advantage of the DC method is that it can be employed in
a system with high recombination rates, in which the CE decay and the TPV decay

have similar kinetics.
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Figure 2.17 Schematic illustration of (a) transient photovoltage measurement with (b) TPV
corresponding TPV process and (b) transient photocurrent measurement with (d) its
corresponding TPC process. The figure is modified from Ref 7.

Figures 2.17a and b illustrate the TPV measurement setup and its
corresponding signals that can be monitored at the oscilloscope. To perform TPV,
the photovoltaic device is kept at an open-circuit and irradiated under a continuous
light source to promote a constant and stable Voc. The device is held at open-circuit
condition, so the current cannot flow through the contacts while it is connected to an
oscilloscope that can register the changes in voltage over time. After the Voc is
stabilised, the device is excited with a short-lived laser pulse that generates a small

perturbation of the Voc. A nanosecond nitrogen laser (PTI GL-3300) has been used
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to control the 590 nm excitation wavelength (the emission of Rhodamine 6G dye) in
order to hold the solar cells in approximately Voc condition. To trigger the laser
pulse, an analogue function generator (Aim-TTi TG330) has been used to generate
a square wave pulse with a duration of 1.5 ns. A semitransparent optical filer was
utilized to adjust the laser pulse intensity. The extra charge carriers produced by the
laser pulse are forced to recombine and cannot be extracted since the device is in

open-circuit condition, leading to the registration of the transient to the initial Voc.

Figures 2.17c and d illustrate the TPC measurement setup and its current
response that can be monitored at the oscilloscope. The TPC measurement setup is
quite similar to the TPV measurement setup, with the exception that the solar cell is
connected to a small resistance (50 ) whilst kept in short-circuit condition. To
perform TPC, a small perturbation in the solar cell current generated by the laser
pulse is measured on the oscilloscope as a voltage drop across the resistor that can
easily be converted into a transient current by using Ohm’s law. The transient current
generated by the nitrogen laser pulse is measured and integrated over time so that the

amount of the photo-generated charges (AQ) can be calculated.

Impedance spectroscopy. The impedance spectroscopy (IS) is a versatile
characterization technique used to study the kinetic and energetic processes, profile
the electronic structure, and observe bulk and interfacial electrical properties within
OSCs devices that cannot be observed in a direct current regime.”®*° Moreover,
capacitance-frequency (C-f) or known as one of the defect spectroscopy technique
can be performed using IS measurements. In IS technique, the OSC device is
measured at a relevant operational DC offset bias (typically at open-circuit
condition) in order to quantify electrical or electrochemical dynamics that define the
device performance. Defect spectroscopy, on the other hand, determines the energy
distribution of traps by recording the change in the capacitance of the depleted
semiconductor as a function of temperature, voltage, and/or frequency.®'** In this

thesis, IS measurement was employed to observe the formation of the traps during
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loss mechanism, which takes place at the interfaces. The energy distribution of the
traps was also observed by C-f measurement. The data obtained from IS and C-f
measurements were recorded using HP-4192A impedance analyser. In an IS
measurement, the sample response to a small-signal, sinusoidal electrical stimulus is
measured as a function of frequency. Several voltage perturbations were applied at
a frequency range from 1 kHz to 1 MHz with an AC signal and 5 mV amplitude. The
IS measurement was carried out in dark and under AM 1.5G or LED illumination
calibrated by a certified monocrystalline silicon photodiode. The corresponding
information was extracted and quantified from the spectrum using an equivalent
circuit model. On the other side, to be able to calculate the density of states (DOS)
by C-f measurement, the capacitance-voltage (C-V) measurement should be
performed in dark conditions at a frequency 1 MHz, SmV amplitude and voltage
scan from -6V to 6 V to get the value of built-in voltage (V). Figure 2.18 shows the

experimental setup for IS measurements under AM 1.5G illumination.

Impedance ;
spectroscopy analyser Solar simulator

Sample holder !

Figure 2.18 The experimental setup of impedance spectroscopy measurement.

2.4.5 Thin-film characterization

Atomic force microscopy. Atomic force microscopy (AFM) is the common
technique to probe the surface morphology and the roughness of thin films. Mainly,

AFM has three differing operation modes which are contact mode, tapping mode and
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non-contact mode. In this thesis, AFM measurements were carried out in tapping
mode, where the tip lightly taps on the surface of the specimen during scanning. The
cantilever in tapping mode oscillates at its resonant frequency and the changes in the
oscillation amplitude can be used to measure the distance between the tip and the
specimen surface. The specimens for AFM characterization were prepared under the
same condition compared with the active layer deposition of the OSCs devices. The
cantilever used was silicon probes with a typical spring constant of 1 —5 N m™! and
a resonant frequency of 75 kHz operated under ambient conditions. The images were

processed using a Molecular Imaging Pico SPM 11 instrument (pico +) software.

Transmission electron microscopy. The transmission electron microscopy
(TEM) method investigates the blend microstructure in transmission mode and can
provide elemental map distribution of the material presented in the blend. The active
layers for the TEM investigations were prepared as plan view specimens in the same
condition as the active layers of the OSC devices. To get the specimen for TEM
analysis, first the film layers of PEDOT:PSS and blends with a thickness of 100 nm
were deposited on glass. Then, the sample was put into a petri dish with distilled
water to dissolve PEDOT:PSS layer, whereas the active layer was floated off and
transferred to a 400-mesh copper TEM supporting grid. The TEM images of the
active layer were obtained by using a JEOL model 1011 operated at 80 kV.

Contact angle measurements. Contact angle measurements were performed
by an optical tensiometer (Attention Theta Flex, Biolin Scientific, Sweden) using
liquid drops of water and ethylene glycol (EG) by sessile drop analysis.
Experimentally, a thin film specimen-coated glass substrate was set below the
syringe containing water or EG solvent. Then, a water or EG droplet (~15 mL)
formed at the end of a syringe by turning clockwise the base of the syringe until a
droplet was dropped on the specimen. Then, the contact angle image analysis was
recorded by video recorder, where each image of this video is later analysed to

determine the contact angle at the moment the image was captured.®* Basically, the
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contact angle is determined by measuring the angle between the surface and the
tangent of the drop surface at the contact. Figure 2.19 depicts the contact angle

measurement performed in this thesis.

Syringe and
needle

Camera
Light
source

Computer

Figure 2.19 The contact angle measurement experimental setup, modified from Ref

To measure the miscibility between the materials in ternary blend, the surface
tension value can be further calculated from contact angle measurement according

to Wu’s equation:®®

d,d p.p

5=Yatys—4 ( Ta¥e, y Jals ) 2.6
Ya-B =Ya T VB Yaayd T Yyl (2.6)
where ya. represents interfacial tension between material A and B, ya and yg are the
surface tension of A and B, respectively. The superscript d and p represent the
dispersion and polar components calculated using the contact angle with water and

ethylene glycol.

2.5 Dark J-V modeling

The equivalent circuit device models operated in MATLAB software were
employed to fit the experimental data obtained from the dark J-V characteristics of
the corresponding devices. The equivalent circuit models are useful for
understanding the electrical behavior of semiconductor devices, considering the

dominant effect of the diode, shunt and series resistance for a given voltage on the
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generated photocurrent of the device. For ideal solar cells, the equivalent circuit
models are represented in inset Figure 1.8b. As in many case that the loss
mechanisms are commonly contributed to the dark mechanism, the cells behaviour
may deviate from the ideal condition. Figure 2.20 depicts the two-diode model we
used to fit the non-ideal dark J-V characteristics of crystalline or amorphous
photovoltaic heterojunction.®? The SCLC mechanism may present in high resistance
materials such as organic semiconductors. Two diodes are employed to check

whether one or two different mechanisms are observed in the structure.

SCLC

[

Rs

J
+
D, D, R, "4

Figure 2.20 Non-ideal equivalent circuit model for an arbitrary heterojunction.
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Chapter 3

Binary bulk heterojunction solar cells based
on fullerene acceptor for indoor application

Indoor LED

This chapter is based on the published work: Torimtubun, A.A.A. et al., “A Cathode
Interface Engineering Approach for the Comprehensive Study of Indoor
Performance Enhancement in Organic Photovoltaic,” Sustain. Energy Fuels, 2021,
4, 3378-3387 and Torimtubun, A.A.A. et al. “Photostability Study of Inverted
Polymer Solar Cells under AM 1.5G and LED Illumination via Impedance
Spectroscopy”, IEEE J. Electron Devices Soc., 2020, 9, 484-491.
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3.1 Introduction to indoor low-light application

The potential application of photovoltaics (PV) for indoor energy harvesting
has attracted considerable attention providing off-grid energy sources for tens of
billion low power consumption devices used for Internet of Things (IoT).%¢* IoT
enables a communication system between wireless electronic devices such as
sensors, displays, actuators, etc. through the internet, in which these devices are
essential to lead the future generation of smart buildings, factories, and retail
sectors.”™* Such low power consumption devices are usually operated under an
indoor environment, in which the light intensity ranging from 0.5 — 1 mW cm™ for a
well-lit room.!%%-%8 Therefore, a self-sustainable power source that operates with

high power densities and high efficiency is required.’>*

PV cells offer great promise to efficiently convert low light levels under indoor
light conditions due to their high output voltage and good spectral response in the
visible region.3¢92:190-192 The emission spectra of the common indoor sources, such
as incandescent light bulbs, fluorescent lamps and light-emitting diodes (LEDs) have
a range from 400 to 800 nm, which are narrower than spectral irradiance of an AM
1.5G light source with the range from 400 to 2000 nm.”*!°*1% In consequence, PV
cells developed for outdoor applications such as crystalline silicon (c-Si) solar cells
show high power conversion efficiency (PCE) under 1 sun, but it shows low PCE
under indoor illumination due to their mismatch spectrum range and decreased
photovoltage. 686193105 Unlike the c-Si solar cells, several emerging photovoltaic
technologies, including organic photovoltaic (OPV) cells, dye-sensitized cells and
perovskite solar cells, show remarkable performance under room lighting
illumination due to their highly tunable light-absorption photoactive material
properties (~390 — 760 nm)®®, and well-matched spectral response in the visible light
region; thus, making them an efficient energy sources for low-power indoor

applications.®®*> OPV cells are taking more steps forward the commercialization of
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indoor PVs than the dye-sensitized and perovskite counterparts due to their low cost,

light weight, and large-area module fabricated by solution-based technologies.'%1%7

Recent studies of OPV devices under different incident light illumination
conditions and different indoor artificial light sources have been reported. Mori et
al.' found that the PCE of PTB7-Th:PC70BM based devices (8.43%) is lower than
PCE of the c-Si solar cells (13.49%) under 1 sun; however, when illuminated under
LEDs light at 890 lux (0.4 mW cm™), their PCE of 11.63% is higher than that of c-
Si solar cells (9.65%). Using the same photoactive materials, Cutting et al.'®
achieved a PCE of up to 21.04% under 20.5 mW cm™ of LED illumination. On the
other hand, Aoki'® and Minnaert et al.'” studied the performance of OPVs for
indoor applications under artificial light sources: fluorescent light, sodium lamp,
metal halide lamp, cool LED light, and warm LED light. They suggested that it is
unnecessary to test the devices under all artificial light sources to demonstrate their
potential indoor application. Depending on the active material, a good match of the
absorbance spectrum of the OPV device with the emission spectrum of the indoor
light source is important to characterize the suitability of an OPV for indoor energy
harvesting.''® The following characteristics are required to obtain efficient indoor
PV devices: (i) well-matched photo-response spectrum with indoor light and high

EQE, (ii) suppressed trap-mediated recombination and (iii) high Voc.3¢21-111-113

Several strategies to improve OPV performance under indoor light
illumination have been investigated by several research groups. Lee et al’!
optimized the photoactive layer (BTR:PC71BM) and improved the PCE of over 28%
under fluorescent lamps using the solvent vapor annealing technique. Another group,
Cui et al.®® using a material design engineering approach to synthesize photoactive
materials whose absorption spectra match those of indoor light sources; the devices
fabricated from those materials showed low energy loss, resulting in high Vocof 1.10
V and high PCE of 26.1% under LEDs illumination. Yin et al.®® and Nam et al.''*

have adopted ternary blend approaches to improve the overall performance of OPV
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by enhancing carrier mobilities to improve the fill factor (FF), complementing the
optical absorption to escalate short circuit current density (Jsc) and matching energy
level of the photoactive materials to enlarge Voc.%!!* Interface engineering was
another strategy employed by Goo et al.''> and Shin et al.''® to improve the shunt
resistance and reduce the work function of ethoxylated polyethylenimine (PEIE) and
zinc oxide nanoparticle (ZnO NPs)/PEIE modification as electron transport layer

(ETL), respectively.

Besides some efforts to achieve high PCE of indoor OPV cells, stability is
another vital factor for achieving commercial application of OPVs technology.!!”-12°
Extrinsic degradation in the presence of water and oxygen, intrinsic degradation in
the dark, and intrinsic photo-induced degradation are dynamic aging mechanisms
that may affect the stability of OPVs.'?!"123 The development of encapsulation
technologies makes it now possible to control the extrinsic degradation.!** However,
the cells are still degraded intrinsically over time, even with perfect encapsulation.
In OPVs, semiconductor polymers are generally degraded under sunlight irradiation
in the absence of oxygen and moisture.!?>!?6 Hence, studying the intrinsic
photostability of OPVs under an inert atmosphere is particularly interesting, as it
provides a more solid understanding of the process involved in the absence of a
substance that could chemically alter the photoactive materials.'?” Doumon et al.
showed that the solar irradiation-induced degradation of polymer:fullerene solar
cells in the inert condition is mainly due to the ultraviolet (UV) components of the
solar spectrum affecting the operational lifetime of polymers with different chemical
structure.'®® A recent study by Gasparini et al. also suggested that the full sun
illumination light-induced trap formation may cause Voc losses.!?® In addition,
severe burn-in phenomenon has been widely observed at the beginning of the
photodegradation under sunlight and inert environment in OPVs, which lead the PCE
drops exponentially.5®!2>130 Although the photostability of PSCs under 1 sun

illumination has been reported in several studies, the photodegradation mechanism
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of OPVs under LED light as a common artificial indoor light source has rarely been
studied, which is worth noting that the application of indoor OPVs in IoT is surging.
Therefore, a rigorous understanding of the photostability of PSCs under LED

illumination is urgently needed.

In this chapter 3, we employ the interface engineering approach to improve the
indoor performance of PTB7-Th:PC70BM inverted OPV cells using three different
commonly used ETL materials, i.e., poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN), titanium sub-oxide (TiOx), and
zinc oxide (ZnO). These ETL materials are chosen due to their reported success
under 1 sun to reduce the electron extract barrier from the active layer to the cathode
and modify the surface of ITO.%%!31-136 However, their performances under indoor
illumination have not been studied in depth. Here, using AFM, UV-Vis
spectroscopy, EQE, J-V measurement and impedance spectroscopy (IS), we found
that by expediently optimizing the materials and deposition condition of the ETLs,
the OPV cells performance could be enhanced under both outdoor and indoor
illumination. However, it performs opposingly under different lighting conditions.
PCE of up to 16.49% under LED illumination at 200-2000 lux, together with an
attractive PCE of up to 10.55% under 1 sun illumination, is presented. The effect of
the choice of ETL in the device performance is agreed well with the parasitic
resistance effect, the charge recombination, and the trend of charge collection
efficiency. Besides, the indoor champion device was further investigated by IS
analysis to study and compare its photostability under the exposure of standard 1 Sun
illumination and 1000 lux artificial LED 2700 K light over aging time. Standard
procedures of ISOS L-1 and low-light measurement protocols were used for an
accurate lifetime determination.'?” The OPV cells under LED light showed about 12
times prolonged lifetimes (3060 min) relative to the cells illuminated under full
sunlight. The photodegradation behaviors of the devices studied by IS analysis reveal

that the main cause behind the instability is the electron transport layer.
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3.2 Controlling the charge extraction in indoor OPVs

Figure 3.1a shows the chemical structure of the donor polymer PTB7-Th and
the fullerene acceptor PC70BM. Polymer donor PTB7-Th is chosen due to high Voc
(~0.80 V).1% The binary BHJs of PTB7-Th:PC7BM solar cells were fabricated using
an inverted structure ITO/ETL/PTB7-Th:PC70BM/V20s/Ag, as illustrated in Figure
3.1b. An inverted structure device was employed because this is a preferred
architecture for indoor performance, and it provides vertical phase separation and
concentration gradient in the active layer.!*® The PFN layer, TiOx layer, or ZnO layer
was used as ETL. Figure 3.1c displays the energy level diagram of each material in
the inverted OPV (i0PV). The HOMO and LUMO levels of the donor PTB7-Th are
—5.22 and -3.63 eV, while the HOMO and LUMO of the acceptor PC70BM are —6.10
and —4.30 eV, respectively.!* A large energy offset between HOMO of the donor
and the LUMO of the acceptor is needed to obtain a high Voc. A higher Voc under 1
sun illumination is more favorable for the indoor light application of iOPVs due to
the extra voltage loss when the light intensity is reduced. A minimum LUMOgonor —
LUMOacceptor difference of around 0.3 eV is preferred to ensure an efficient electron

separation of excitons at the donor-acceptor interfaces.!0%140:141
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Figure 3.1 (a) Chemical structures of PTB7-Th and PC7BM; schematics illustration of (b)
the device architecture and (c) the energy level alignment.
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The evolution of the surface morphologies of the three different ETLs on the
glass/substrate was carried out by atomic force microscopy (AFM) analysis. Figure
3.2a—d display the surface topologies of the bare ITO and ITO modified with the
three different ETLs. The root-mean-squared (RMS) roughness values estimated
from the AFM height profiles in an area of 5 um x 5 um were 3.67 nm (bare ITO),
2.52 nm (ITO/PFN), 2.50 nm (ITO/TiOx), and 2.47 nm (ITO/ZnO). The bare ITO
showed the highest RMS values, while a smooth surface was observed for the ITO
modified by ETLs. However, the latter samples showed no significant differences in
their RMS roughness. The smooth surfaces observed for all ETLs-modified ITO are
believed to aid the formation of the photoactive layer, leading to effective electron
collection.!!’ The optical effect is another essential factor for effective ETL. Figure
3.2e shows the optical transmittance spectra of the different ETLs, measured with
UV-vis spectrometer. In the spectral range of around 400 — 500 nm, all the samples,
including the reference ITO had transmittance above 75%. Therefore, ZnO-based
ETLs which had the highest transmittance would be preferable as a highly
transparent cathode that can allow the max photon flux to reach the active layer for

generating photocurrents.!!*
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Figure 3.2 AFM topographical images acquired from tapping mode of (a) bare ITO, (b)
ITO/PFEN, (c) ITO/TiOx, and (d) ITO/ZnO and (e) their transmittance spectra.
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3.2.1 Device performance under outdoor illumination

Figure 3.3a shows the best J-V characteristics of PTB7-Th:PC70BM iOPV
with PFN, TiOx, or ZnO film as ETL under 1 sun simulated solar illumination (100
mW cm? of AM 1.5G solar irradiation). The detailed photovoltaic parameters, such
as Jsc, Voc, FF, PCE, and parasitic resistances (Rs and Rs;) measured under AM
1.5G illumination are summarized in Table 3.1. For the reliable data and reasonable
comparison, the average and standard deviation values were measured from more
than 12 devices. It can be seen that the device performance is improved by using
PFN as the ETL. All of the PTB7-Th:PC70BM cells with different ETL show the
same high Voc values (0.79 V) due to the deep HOMO energy level of the donor
PTB7-Th (5.22 eV). This indicates that Voc values do not depend on the choice of
ETL materials. The Voc values is proportional to the difference between HOMO and
LUMO levels of active layer materials.!#? It is also shown that both types of devices
have an outstanding FF (> 70%) as the high Voc values lead to the high FF values.'®
It is worth mentioning that the highest FF' of 75.00% obtained by PFN-ETL is the
best-reported values for PTB7-Th:PC70BM-based organic photovoltaic (see Table
3.2). The device with ZnO as an ETL exhibits a Jsc of 16.63 mA cm™, FF of 72.85%,
and Voc of 0.79 V, resulting in an average PCE of 9.57 £+ 0.29% (with a maximum
of 10.03%). With the TiOx as an ETL, the Jsc increases to 17.06 mA cm?, FF
decreases slightly to 72.03%, and Voc remains at 0.79 V, leading to an average PCE
0f 9.71 £ 0.24% (maximum PCE of 10.20%). By replacing ZnO and TiOx with PFN,
the device performance was improved, giving the highest PCE of 10.55% and the
highest FF of 75.00% (with an average PCE value of 10.04 + 0.31%, Jsc of 17 mA
cm, and Voc of 0.79 V). In the outdoor condition, the device performance (Jsc, FF,
and PCE) under 1 sun illumination could be improved by using PFN as ETL;
meanwhile, the Voc values were similar, indicating that PCE was mostly determined
by photon absorption yield.!'* This result is in good agreement with the result

obtained by He et al.'*! using PFN as the ETL in a PTB7:PC7;BM BHIJ system. In
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addition, the calculated values of Rs and Rs, from Figure 3.3a at open-circuit and
short-circuit voltage, respectively, exhibit similar values for all devices. A slightly
higher Rs value for the device with TiOx-ETL was observed. Meanwhile, the highest
Rsi, value belongs to the PFN-based device. In general, the values of Rs and Rg;, for
the three types of devices are lower than 3 Q cm?and around or more than 1 kQ cm?,
respectively; these are preferable values to operate in both indoor and outdoor

illumination.'**
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Figure 3.3 J-V characteristics of the different ETLs measured under (a) one sun illumination
and (b) in the dark; (c) EQE spectra of the devices with different ETLs.
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Table 3.1 Device performance parameters for different ETLs (PFN, TiOx, and ZnO)
measured under AM 1.5G with 100 mW cm? intensity. The first row displays the average
and the standard deviation of photovoltaic parameters obtained from over 12 devices, and
the second row shows the parameters obtained for the best device.

Electron JIsc | Jearc Voc FF PCEayg Rs Rsh

transport layer  (mA cm?) W) (%) (%) (2 cm?) (Q cm?)

PFN  Average 17.00+£0.56 (16.00) 0.794+0.006 74.32+1.22 10.04+£0.31 0.90+£0.04 1.60=+0.56
Best 17.81 0.789 75.00 10.55 0.87 1.25

TiOx Average 17.06+0.39 (15.86) 0.790=+0.003 72.03 +0.78 9.71+£0.24 1.66+0.05 1.08+0.22
Best 17.74 0.799 71.86 10.20 1.62 1.18

ZnO  Average 16.63+£0.52(15.43) 0.790+0.003 72.85+0.40 9.57+0.29 0.88+0.04 0.98+0.35
Best 17.26 0.789 73.61 10.03 0.83 1.14

2 The Jear is the integrated current density calculated from the EQE spectrum.

Table 3.2 Device performance summary of the PTB7-Th:PC70BM-based OPV devices under
AM 1.5G condition reported in the literature with the average device area < 16 mm?>.

Device architecture Type Jsc Voc FF PCE Ref.
mAcm? (V) (%) (%)
A ITO/PEDOT:PSS/PTB7-Th:PC70BM/Al Std 19.80 0.79  65.00 10.12 145
B ITO/PEDOT:PSS/PTB7-Th:PC70BM/Ca/Al Std 16.86 0.78 68.16  9.00 146
C ITO/PEDOT:PSS/PTB7-Th:PC70BM/Ce0/Al Std 19.01 0.82  69.10 10.80 147
D ITO/PEDOT:PSS/PTB7-Th:PC70BM/LiF/Al Std 14.88 0.79 64.50 7.58 148
E ITO/PEDOT:PSS/PTB7-Th:PC70BM/LiF/Al Std 17.11 0.80 55.20 7.60 149
F ITO/PEDOT:PSS/PTB7-Th:PC70BM/BCP/Ag Std 17.74 0.78 64.11 8.95 150
G ITO/PEIE/PTB7-Th:PC70BM/Mo00Os/Ag Inv 18.10 0.79 66.00  9.50 151
H ITO/TiOx/PTB7-Th:PC70BM/Mo00Os/Ag Inv 15.10 0.79 50.00  6.00 135
I ITO/PFN/PTB7-Th:PC70BM/MoO3/Ag Inv 17.43 0.83 73.78 10.61 152
J  ITO/PFN/PTB7-Th:PC70BM/Mo0Os/Ag Inv 16.01 0.80 72.28 9.59 153
K ITO/PEIE/PTB7-Th:PC70BM/Mo00Os/Ag Inv 18.30 0.79 62.00 9.00 154
L ITO/ZnO/PFeoSO3Na/PTB7-Th:PC70BM/MoO3/Al  Inv 17.79 0.78 67.80 941 155
M ITO/patterned ZnO/PTB7-Th:PC70BM/MoOx/Al Inv 19.47 0.78 66.90 10.10 156
N ITO/amorphous ZnO/PTB7-Th:PC70BM/MoOx/Ag  Inv  16.60 0.77 7150  9.10 133
O ITO/ZnO:PBI-H/PTB7-Th:PC70BM/Mo00O3/Al Inv 17.69 0.82 72.90 10.59 157
P ITO/ ZnO-Ceo/PTB7-Th:PC70BM/M00Os/Ag Inv 15.73 0.80 74.30 9.35 158
Q ITO/ZnO/PTB7-Th:PC70BM/Mo0O3/Ag Inv 19.30 0.81  70.00 10.95 159
R ITO/PFN/LiF/PTB7-Th:PC70BM/V20s5/Ag Inv 19.05 0.79  73.50 11.00 139
S ITO/PEN/PTB7-Th:PC70BM/V20s5/Ag Inv 17.81 0.79 75.00 10.55
S Result from this contribution, obtained from the J-J measurement of the best device.
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Figure 3.3b depicts the J-J characteristics of the devices based on PFN,
TiOx, and ZnO ETLs measured in the dark, which gives a better understanding of the
performance of the devices (leakage current, ideality factor, series and shunt
resistances) under low light conditions. A single diode equivalent model shown in
Figure 3.4a was used to fit the experimental dark J-V curves to elucidate the
dominating effect of the diode, Rs or Rs; on the three regions of J-V characteristic.
Considering the drop voltage in the junction which is due to the exponential terms

of Jp and the shunt resistance Jgsn, the dark current can be expressed as:!'®

2
_Jsilexp(awy) = 1] + 22 (3.

J+Jon =Jp +Jrsh = 21
Using equation 3.1, the experimental dark J-V characteristics shown in Figure 3.3b
has been fitted using 2 diodes. Then for each sample, two ideality factor () and two
saturation current (Jy) have been obtained. Figure 3.4b shows only the ZnO-based
device for an example, the other samples show similar behavior. Table 3.3
summarizes the extracted device performance parameters from the experimental and
fitted J-V dark curves. From the fitting data at high forward J-V region (V> 0.6 V),
it is shown that all samples are dominated by diode 1 (Jo; in the range of pA cm™)
under 1 sun condition (Voc close to 0.8 V), however for indoor condition (Voc close
to 0.6 V), all samples are dominated by diode 2 (Jy> in the range of nA cm™?). We
also noticed that PFN-based device has the highest Jy values under outdoor
conditions but the lowest Jy values under indoor conditions, which is in good
agreement with the measured efficiency values. To fit the medium forward J-V
region at 0.2 < V' (V) < 0.6, another diode with an ideality factor close to 2 can be
defined. This is typical for trap assisted recombination processes. At the low forward
dark J-V region (0 < V' (V) <0.2), the J-V characteristics were fitted considering the
shunt resistance effect. The Rg; value of PFN-ETL device is one order magnitude
lower than Rs;, values of the TiOx- and ZnO-ETL devices. As a result, the PFN-based
device has the highest leakage current. Hence, a high leakage current can dominate

the photocurrent when the incident light intensity is low.5”%16! Although the PFN
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ETL has the highest leakage current, the three types of the devices show leakage
current below 1073 mA cm?; this is still suitable for devices operating under typical
indoor illumination, as reported by Lee et al.¥’
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Figure 3.4 (a) Single-diode equivalent circuit model under dark (J,» = 0) and illumination,
(b) experimental (symbol), and modeled (line) J-V curves of ZnO-based device under
darkness using a single diode equivalent model with two different ideality factor (n).

Table 3.3 Extracted device performance parameters from an experimental (Deyp) and a fitting
(Dsit) model of J-V dark measurement (Figure 3.4b) for PFN-, TiOx-, and ZnO-based devices.

Device parameters PFN TiOx ZnO
RsP*P (Q ¢cm?) 9.47 16.88 9.55
RsPH(QQ) 0.50 1.20 0.50
RspP* (Q cm?) 1.24x10° 428 x 10° 4.03x 10°
RsiPfit (Q) 2.35x 10° 4.08 x 10° 3.85x 10°
JoiPfit (A cm?) 3.75x 1071 1.28 x 10714 2.23x 101
n 1.16 1.11 1.14

Jo2Pt (A cm™?) 3.80x 107 1.82x 107 1.35x 107

np 5.1 2.64 2.55
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Figure 3.3c displays the external quantum efficiency (EQE) spectra of the
iOPV with different ETL materials. All of the devices displays photoresponse
spectrum in the range of 300 to 800 nm, which well matches with the absorption
spectra of PTB7-Th:PC70)BM and AM 1.5G solar irradiation (Figure 3.5). The
devices based on PFN-, TiOx-, and ZnO-ETLs show photoresponses with maximum
EQE values of 68%, 64%, and 59% at the wavelength of 485, 510, and 515 nm,
respectively. Table 3.1 also shows the calculated Jsc values of the devices based on
the PFN-, TiOx-, and ZnO-ETLs obtained by integrating the EQE spectra in Figure
3.3c with the AM 1.5G solar spectrum are 16.00, 15.86, and 15.43 mA cm™,
respectively, which are in good agreement to the measured values of J-V

characteristics with the maximum error less than 8%.
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Figure 3.5 Absorption spectra of PTB7-Th:PC70BM and light spectra of LED 2700K and
AM 1.5G illumination.

3.2.2 Device performance under artificial indoor light

Figure 3.5 also presents the normalized absorption spectra of PTB7-
Th:PC7BM along with 1 sun illumination (AM 1.5G, 100 mW c¢m) in comparison
with the illumination spectrum of LED 2700K light source in the wavelength range
of 400 — 800 nm. With the optical band gap of 1.37 eV,!* their optical response



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

nicely cover the entire LED emission, which could be better suited for indoor
application. Figure 3.6 displays the J-J characteristics for the best performing
devices with the different ETLs under 1000 lux LED illumination (measured light
power irradiance: 0.415 mW cm). In this work, the devices were investigated under
a 2700K LED lamp with the luminance of 250 — 2000 lux, which are corresponding
to the intensity of the indoor lighting sources that typically in the ranges of <1 mW
cm2. 1692132 ED light was employed due to its low power consumption as a versatile
light source; it is expected to become widespread for residential and office use.!¢?
Moreover, LED light offers a deduction of up to 58.4% of the Shockley-Queisser

limit on photovoltaic performance.”®!%
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Figure 3.6 J-V characteristics of different ETLs measured under a 1000 Iux LED light with
a color temperature of 2700 K.

We tested the best devices with each ETL under 1 sun conditions to determine
their indoor performance under a 2700 K LED lamp. Table 3.4 shows that unlike the
outdoor performance, the ZnO-based device exhibits the best performance among
the three ETLs under the luminance of 1000 lux LED light, with a PCE of 13.94%,
aJscof 133.31 pA cm?, a Voc of 0.66 V, an FF of 65.83%, an Rs of 1.94 Q cm?, and
an Rs; of 40.94 kQ cm?. The TiOx-based iOPV shows a slightly decrease indoor
performance with a PCE of 13.83%, a Jsc of 122.10 nA cm™, a Voc of 0.66 V, a FF



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

Table 3.4 Device performance parameters for the best OPV cells with each ETLs (PFN,
TiOx, and ZnO) measured under different lux intensities of a 2700 K LED.

ETL Lux Jsc Voc FF Pin Pout PCE Rs Rsn
mAcm? (V) (%) (mW cm?) (mW cm?) (%) (Q cm?) (2 cm?)
PFN 250 27.52 0.56 50.92 120 7.87 6.56 2.75 160.49
500 53.3 0.63  62.63 215 21.07 9.8 2.14 244.67
750 82.33 0.65 65.23 315 34.97 11.1 1.95 183
1000 107 0.66 67.13 415 47.31 114 1.85 158
1250 134.79 0.67 68.76 520 62.14 11.95 1.84 133.56
1500 166.37 0.68  69.65 620 78.86 12.72 1.76 116.79
1750 212.43 0.69 70.56 725 103.48 14.27 1.69 94.96
2000 214.67 0.69 70.70 825 104.78 12.7 1.69 93.24
TiOx 250 31.88 0.62 64.64 120 12.78 10.65 4 134.64
500 62.57 0.64 68.73 215 27.52 12.8 3.66 93.74
750 95.35 0.66 69.94 315 441 13.97 3.34 75.28
1000 122.1 0.66 71.21 415 57.39 13.83 3.31 63.21
1250 149.86 0.68 72.44 520 73.84 14.2 3.18 72.87
1500 183.08 0.68 73.82 620 91.88 14.82 3.17 66.87
1750 232.51 0.69 74.16 725 118.97 16.41 3.06 59.57
2000 242.9 0.69 7444 825 124.74 15.12 3.05 58.89
ZnO 250 33.81 0.61 59.55 120 12.29 10.24 2.45 100.6
500 69.63 0.64 63.13 215 28.12 13.08 2.15 63.62
750 104.06 0.65 65.78 315 44.38 14.09 2.05 48.95
1000 133.31 0.66 65.83 415 57.85 13.94 1.94 40.94
1250 163.6 0.67 67.83 520 74.36 14.3 1.94 38.41
1500 198.11 0.68 68.21 620 91.88 14.82 1.87 34.15
1750 251.53 0.69 68.90 725 119.55 16.49 1.8 29.49
2000 247.42 0.69 68.83 825 117.56 14.25 1.79 29.93

of 71.21%, an Rs of 3.31 Q cm?, and an Rs; of 63.21 kQ cm?. Unexpectedly, PFN-
based device, which showed the highest performance under outdoor illumination,
exhibited the lowest performance under indoor illumination, with a PCE of 11.40%,
aJsc of 107 pA cm, a Voc of 0.66 V, a FF of 67.13%, an Rs of 1.85 Q cm? and an
Rsn of 158 kQ cm?. For the indoor illumination with different lux intensities ranging
from 250 to 2000 lux, it can be observed that all of the devices possess varying values

of Voc, Jsc, FF, Rs, and Rsy for different ETLs used, indicating that indoor
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performance shows a dependency on the choice of ETLs.

Figure 3.7a-b show the power-law dependence of Jsc and Voc values on the
incident light intensity (Piign), which can give recombination information within the
devices. As displayed in Figure 3.7a, the values of Jsc is proportional to the light

intensity according to the relationship [, Pg;ht, where S/ is the determined

exponential factor. The fitted S/ value for the PFN-, TiOx-, and ZnO-based devices
were 0.95, 0.94, and 0.92, respectively, under solar irradiation at strong light
intensities (> 10 mW cm) and they both increased up to unity when exposed to LED
light at weak light intensities (< 1 mW cm). The S/ values close to unity (i.e., S/=1)
for devices illuminated under both indoor and 1 sun conditions suggest the low levels
of the non-geminate charge recombination and limited space charge effects due to
the low photogenerated carrier density in these OPVs under LED and 1 sun lighting
conditions.'®? In another word, it can be inferred that the ratio of photons to electrons
remained constant with decreasing light intensity.%® It is worth noting that Jsc of
ZnO-based devices under indoor performance showed the highest Jsc due to the
higher transmission of ZnO ETL in the LED spectra wavelength which allowing
maximum photon flux of LED emission absorbed by the active layer to generate
more photocurrent. This result is in good agreement with the transmission spectra

analysis (vide supra) and its high output power density (Pout) of 57.85 pW cm™.

The Voc is a key parameter to gain more insight into the recombination
kinetics. Figure 3.7b shows the logarithmic dependence of the Voc values upon the
light intensity for illumination under 1 sun and LED light, which can be expressed
using the equation derived from the Shockley diode equation below:

"f;T In(Jy) (3.2)

Ve 82 ko In (Papl) o« n
q

where n is the recombination ideality factor of the diode (n=S2/S1), ks is the
Boltzmann constant, 7'is the cell temperature, and g is the electron charge. As shown

in Figure 3.7b, the obtained S2 values of 1.12, 1.00, and 1.09 lead to the obtained n
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values of 1.18, 1.05, and 1.18, for devices with PFN, TiOx, and ZnO under 1 sun

illumination (> 10 mW c¢m™), respectively. These values are close to 1 and similar

to the ones obtained from the dark fitting model (see Table S2), indicating that these

devices may act as an ideal diode under 1 sun due to the absence of trap-assisted

recombination. Besides, the S2 values of 1.99, 1.44, and 1.55 lead to the n values of

1.83, 1.40, and 1.49 for the PFN-, TiOx-, and ZnO-based devices under indoor

illumination (< 1 mW cm™), respectively. These fitted slopes under indoor

illumination are higher than those under 1 sun illumination, indicating the trap-

assisted recombination enhance under indoor light intensity.'? This trend is coherent

with the presence of the second exponential region at medium-dark bias, as stated

before. Thus, the photovoltage loss of ~0.2 V is observed due to the significantly

reduced the light intensity and enhance the trap-mediated charge recombination.®
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Figure 3.7 Device performance parameters: (a) Jsc, (b) Voc, (¢) FF, and (d) PCE of the best
OPV cells with each ETL versus light intensity. The dotted lines are given to guide the eye.
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The result obtained from the Voc vs. light intensity corroborates the dark J-V
experiment and modeling results (Figure 3.3b, Figure 3.4 and Table 3.3) in which
the current density of the diode (Jp) for all ETLs shows the same exponential
dependency on the applied voltage at Voc = 0.8 V, and it shows a leakage region at
Voc = 0.6 V. It is worth noting that at low illumination level, the PFN-based device
has the highest leakage current and # value closes to 2 than the other two ETLs. As
a result, the overall current within the device could be dominated by leakage current
and the trap-assisted recombination process may enhance. This may explain why
PFN ETLs perform opposingly and show poor device performance under artificial

light conditions.

As shown in Figure 3.7c, the influence of leakage current may appear in the
dependence of FF on incident light intensity. When the light intensity strengthens
from 10 to 100 mW cm™ (under simulated solar irradiation), the FF appears steady
and then shows a decreasing trend. The decrease of FF as light intensity increase can
result from two origins, that are bimolecular recombination and series
resistance.*>!** Based on Jsc vs. incident light intensity fitting, see Figure 3.7a,
slopes of =1 for all ETLs are observed, indicating the suppressed bimolecular
recombination. Thus, bimolecular recombination may not play a significant role in
the FF decreasing trend at the strong light intensity within these devices. From the
J-V dark measurement, Figure 3.3b, TiOx ETL exhibits the highest Rs values, which
can explain the sharp decrease of FF for TiOx compare to the other two ETLs, as
shown in Figure 3.7c. Thus, probably the series resistance has an influence for the
decreased FF at the strong light intensity (>10 mW cm™) for these iOPVs. On the
other side, the reverse trend at the weak light intensity (<1 mW cm™, under LED
2700K illumination) is observed. The low light intensity in which FF decreases is
determined by the shunt resistance.!*>!%* As shown in Table S3, PFN ETL has the
lowest Rs; value, which may explain a steeper FF’ decay at weak light intensity than

TiOx- and ZnO-ETLs based devices.
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This FF behavior depending on the ETLs type under indoor illumination, can
also be explained within the context of a single diode-based equivalent circuit model
(Figure 3.4a). The expression to calculate FF ((Jmax X Vimax)/(Jsc X Voc) can be defined
using the normalized Rs (7s = Rs x (Jsc/Voc)), normalized Rsy, (rsn = Rsi X (Jsc/Voc)),
and normalized Voc (voc = eVoc/nkT), where the characteristic resistance (Rcw) is
defined as Rcu = Voc/(JscA). When Rs = 0 and Rs;, = oo, the ideal FF of OPVs can
be expressed as follows:

v, —In (v, +0.72)

oc

FF,

0~

(3.3)

v, +1

As shown in Table 3.5, the calculated FFo is higher than those of the experimental
FF values for all of the samples under both outdoor and indoor conditions. Put PFN-
iOPV under 1 sun as an example; the Voc is about 0.79 V, then the normalized voc
is 28.07. According to equation 3.3, the calculated FFo is 83.01%, while the
experimental FF value of PFN under 1 sun is 75.00%. The difference between the
experimental value and the calculated value from an ideal solar cell model suggests

that there should be other losses in the practical OPVs.!*?

Table 3.5 Parameters used to predict the FF for all device structures manufactured.

ETL  Illuminance g Ish voc FFrs FFo FFRs+Rsh
PFN  1sun 0.0196 28.0747  23.6883  0.8139 0.8301 0.7903
TiOx 1sun 0.0359 26.1514  21.1954  0.7865 0.8159 0.7629
ZnO  1sun 0.0182 249295  23.8732  0.8159 0.8310 0.7892

PFN 1000 lux 0.0003 26.1015 12.8291  0.7390 0.7392 0.7181
TiOx 1000 lux 0.0006 11.6980  17.7278  0.7905 0.7910 0.7371
ZnO 1000 lux 0.0004 8.2491 16.4696  0.7796 0.7799 0.7060

In the real case of OPVs, parasitic resistances are inevitable factors. Thus,
the effects of Rsand Rs; are introduced to the equivalent circuit model to consider
these energy losses.!*’ A semi-empirical and approximated expression for FF

incorporating the effects of Rsand Rsy, are shown as follow:
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FEy o, =FF | 1=

V. +0.7 JFR9 i|
X — 5

vr:c F.S'!?

(3.4)

where FFp; is the fill factor influenced by series resistance. The calculated fill factor
values from Equation 3 are summarized in Table 3.5 and Figure 3.8. It can be seen
that the experimental (FF) and predicted values (FFrs+rsn) have the same trend,
indicating that FF' within these devices were influenced by parasitic resistance
effects due to the type ETL used. In the case of device performance for all devices,
the Rcy values under LED lamp were larger than those under AM 1.5G illumination.
It is due to the Jsc values decrease by two orders magnitude under LED lamp.
Moreover, the values of Rs (in ideal OPVs, Rs = 0) were theoretically small compare
to the values of Rs;, (in ideal OPVs, Ry, = o). For this reason, the calculated », values
(<0.01) appeared to be too negligible to give an influence on the indoor performance,
while the effects of r;» were more significant to reduce FF under dim light condition.
In this case, the PFN-based device has the highest ry value under indoor
illumination, which is expected to increase FF and PCE. However, its low FFy value
derived from the lowest value of normalized Voc (voc), leads the PCE to decrease
more sharply than the other two ETLs, see Figure 3.7d. This low v, is associated
with the presence of trap-assisted recombination in PFN-iOPVs due to their ideality

factor (n) value close to 2 (Figure 3.7b).

The presence of the trap-assisted recombination in PFN is coherent with the
alignment of the work function (WF), as shown in Table 3.6. A larger energy
mismatch between the WF of PFN (4.08 ¢V) and LUMO of the PC70BM (4.30 eV)
which induces a higher level of recombination and limits the electron selectivity at
the interface, leading to lower FF and PCE."**!6? Interestingly, ZnO-iOPVs have the
lowest FF, the highest PCE and the highest max output power (Pmax) under LED
light. Their high performance under indoor illumination was mainly affected by the
photon absorption yield (the highest photocurrent generated), which is in good

agreement with AFM and transmittance optical analysis (Figure 3.2).
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Figure 3.8 Experimental and predicted fill factor values for each ETL of the PTB7-
Th:PC7BM-based devices under AM 1.5G and 1000 lux 2700 K LED illumination.

Table 3.6 Parameters used to predict the FF for all device structures manufactured.

Layers WF (eV) Contact type
ITO 44513 Schottky contact
ITO/PFN  4.08 ¥ Ohmic contact
ITO/TiOx ~ 4.251!% Ohmic contact
ITO/ZnO  4.20 '%6 Ohmic contact

The electron affinity (EA) of the acceptor PC70BM is 4.3 eV. It can be seen
that all of ETL had lower work function values than the EA of the acceptor. It
indicates that a desirable Ohmic contact between PC70BM and the ITO electrode is
formed, facilitating an efficient electron transport and collection.'” The WF of metal
oxide ETLs (TiOx and ZnO) is altered due to the UV-induced oxygen
adsorption/desorption processes in the metal oxide ETLs.'®® Meanwhile, the organic
ETLs (PFN) can effectively reduce the work function of bare ITO by forming a

permanent dipole on the ITO surfaces in an inverted OPV.!¢
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To gain more insight into the effect of the different ETL materials on charge
transport properties under outdoor and indoor performances, impedance
spectroscopy (IS) measurements were performed at open-circuit voltage. IS is an
effective tool to gain information about carrier accumulation at open circuits, rapid
extraction at short circuits, and carrier transport mechanism within each layer of the
organic photovoltaic.'”!" Figure 3.9a-b display the Cole-Cole plots of the
impedance spectra for PFN, TiOx, and ZnO as ETL taken near Voc under AM 1.5G
and LED 2700K illumination, respectively. All plots under outdoor or indoor
illumination show typical arc behavior for all applied voltages, which is correlated
with the carrier transfer at the active layer/electrode interface.!®*!%” The observed
radius of the semicircles varies with altering ETLs, both under 1 sun and LED
illumination, which usually associated with different charge injection or charge
extraction process within these devices.!”” To understand this behavior, we have
fitted the experimental data with the equivalent circuit model shown in Figure 3.10,
which consists of one series resistance connected to three resistor capacitance ladder
(RC) in series. The series resistance takes into account the ITO layer. Each element
of the 3RC circuit is correlated to the capacitance and resistance of ETL, the bulk
active layer, and the hole transport layer (HTL). Using the proposed electrical
equivalent circuit to fit the experimental impedance spectroscopy data, we were able
to observe a different behavior for outdoor and indoor performance. Moreover, we
are also able to identify the impact of each interlayer on device performance.!”! The
calculated geometrical capacitance values of each layer are displayed in Table 3.7,

which can be described by equation 3.5:

A
C = goglayer d_ (35)

layer

where & is the vacuum dielectric permittivity, the ey 1s the relative dielectric
permittivities (epuik, €£7L, and €1205), diayer 18 the thickness of each layer (dpui, detL,
and dy20s5) and A4 is the active area. The different expected capacitance values for

each layer allows us to assume the correlation between each layer-RC ladder.



UNIVERSITAT ROVIRA | VIRGILI
BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR

CELLS FOR VERSATILE APPLICATIONS
Alfonsina Abat Amelenan Torimtubun

(@
AM 1.5G condition
o PFN
129 5 Tiox
A ZnO
e — Fitting
<)
N 6l
|
3
0 T
0 10
(b) 4000
LED 1000 lux
o PFN
30004 z ;:%‘
—— Fitting
S 20001
N
I
1000 &

0 1500 3000 4500 6000

' (Q)
Figure 3.9 Cole-Cole plots of PTB7-Th:PC7,0BM-based iOPVs using PFN, TiOx, and ZnO

as the ETL, measured under 1 Sun condition (a) and indoor illumination (b) at open-circuit
voltage. The solid lines are the fitted experimental data using the three-RC circuit model.
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Figure 3.10 The schematic illustration of three resistor capacitance equivalent circuit model
used for the fitting of impedance spectra.
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Table 3.7 Parameters used to predict the FF for all device structures manufactured.

Layer Elayer diayer (Nm) Capacitance (nF)
Bulk 3.916 100 3
V105 517 5 78
PFN 3.517 10 28
TiOx 50 170 15 200
Zn0O 416 15 21

Table 3.8 Capacitance and resistance values of each layer for different ETLs used under AM
1.5G illumination. The values were extracted by modeling the IS measurements at open-
circuit voltage.

ETL Layer Capacitance Resistance
(nF) (D)
PFN R - 4
PFN 28 10
Bulk 5 6
V205 78 11
TiOx R - 8
TiOx 200 3
Bulk 4 16
V205 75 12
ZnO R - 10
ZnO 21 15
Bulk 3 1
V105 74 6

On one hand, the outdoor fitting values do not show a dominant RC ladder
for applied voltages close to open-circuit conditions, as displayed in Table 3.8. The
measurement is strongly affected by the ITO series resistance. Thus, the low
resistance values signify the smooth charge transport at the interface between each
layer.!® On the other hand, the indoor fitting values are mainly due to the bulk RC
ladder because the resistance of the bulk is orders of magnitude higher than the others
resistances used for the fitting, see Table 3.9. As shown in Figure 3.11, the bulk

resistance values decrease exponentially with the applied voltage. This is typical for
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Table 3.9 Capacitance and resistance values of each layer of different ETLs under 1000 lux LED illumination. The values were extracted
by modeling the IS measurements at various applied voltages.

ETL Layer Vbias = 0V Vbias = 0.2V Vbias = 0.4V Vhias = Voc Vbias = 0.8V
C R C R C R C R C R
(mF) Q) (mF) Q) (nF) (D)) (nF) (D)) (nF) Q)
PFN R - 4 - 4 - 4 - 8 - 9
PFN 28 2 28 2 28 3 28 10 28 11
Bulk 3.3 1x10° 3.5 44x10° 4.0 1.03x10° 5.0 5700 7.5 440
V20s 80 150 80 150 80 100 80 70 80 90
TiOx R - 14 - 12 - 14 - 15 - 15
TiOx 266 2 266 1 266 3 266 10 266 10
Bulk 3.0 3.7x10° 3.2 3.0x10° 3.5 1.2x10° 4.5 4450 6.0 500
V20s 78 200 78 200 78 130 78 10 78 10
Zn0 R - 4 - 4 - 4 - 5 - 8
ZnO0 21 2 21 3 21 3 21 7 21 12
Bulk 3.5 54x10° 3.5 42x10° 4.0 1.5x10° 4.5 4900 6.0 470

V205 80 130 80 150 80 130 80 60 80 65
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the recombination resistance:'”*

a‘]rec ! — qV
ng _(8[/] _Rnu exp[ HkBT} (35)

where Roo is the pre-exponential factor, and the other parameters are the same as in

equation 3.2. As expected from recombination resistance, the slope is related to the
ideality factor, n. From the fitting, a similar value close to 2.5 were obtained for all
the samples, with is in good agreement with the ideality factors values obtained not
only in dark current density-voltage (exponential region for medium voltage bias)
but also incident light intensity-Voc measurements. In all the analysis, the results can
be explained when we assume that the currents are limited by trap-assisted
recombination for indoor illumination conditions. In addition, the charge collection
efficiency (CCE)!'”* can be defined following equation 3.6:

(wCE ~ 1 i Rn-.'c(()(')
Rrec(:\-’O('“) (3 6)

where R is the recombination resistance in open circuit (OC) or non-open circuit
(NOC) conditions used in equation 3.5. As shown in Figure 3.12, the values obtained
from CCE at the maximum power bias point, Vi, ~ 0,4 V, follows the same trend as

the indoor PCE (CCEzuo = 96.7% > CCEriox = 96.1% > CCEpgn = 94.5%).

7
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Figure 3.11 The bulk resistance obtained from IS measurements of each layer vs. the applied
voltage measured under 1000 lux LED illumination.
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Figure 3.12 The charge carrier extraction of the PFN-, TiOx-, and ZnO-ETL iOPV obtained
from IS measurement at applied voltage measured under 1000 lux LED illumination.

3.3 Photostability study under outdoor and artificial indoor light

illumination

Beside the device performance investigation, we further study the
photostability lifetime and degradation behavior of the best indoor cell under
continuous illumination of two different light sources, standard reference AM 1.5G
(100 mW c¢cm) and 1000 lux LED 2700 K lamp (0.35 mW cm) in inert atmosphere.
Figure 3.13 shows the illuminated J-V characteristics of the studied devices before
and after the photo-aging test. It can be observed that the J-V curve for the degraded
cell under AM 1.5G illumination (Figure 3.13a) was shifted to lower Voc, while the
degraded cell under LED illumination (Figure 3.1b) shows a more pronounced shift
to the lower Jsc with respect to the fresh cells. More detailed photovoltaic parameters
values are summarized in Table 3.10, where all numbers represent the average and
standard deviation values from four cells in each group. The dark J-JV characteristics

of these devices are displayed in Figure 3.14 and Table 3.11.
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Figure 3.13 Illuminated J-V characteristics of fresh (solid symbol) and degraded (open
symbol) cells exposed under (a) AM 1.5G and (b) 1000 lux LED 2700 K irradiation. The
light intensity of AM 1.5G spectrum is 100 mW c¢m™ and 1000 lux LED 2700 K spectrum

is 0.35 mW cm™.

Table 3.10 Photovoltaic parameters of PTB7-Th:PC;0BM-based solar cells just after

10

—a— Fresh
—o— Degraded

AM 1.5G lllumination

-10 4

-15

Current density (mA cm'Z)
(3]

-20

-0.2

(b

A d

Voltage

V)

T T . T T T
0.0 0.2 0.4 0.6 0.8

o

ES
o
1

)
o
1

=120 +

Current density (MA cm'z)

LED illumination
—e— Fresh
—o— Degraded

0.0 0.2
Voltage

0.4 0.6
V)

fabrication under different light sources illumination.

Light sources Voc Jsc FF PCE Standard
W) (mA ¢cm?) (%) (%) lifetime

AM 1.5G Ty 0.79 +0.01 17.13+£0.40 71.40+0.42 9.64+0.20 -

AM 1.5G Ty 0.72 +£0.01 17.88+0.35 59.74+3.03 7.70+0.52 260 min

LED 1000 lux To  0.65+0.01 0.13+0.01 65.60+294 15.70+040 -

LED 1000 lux Tgo  0.65+0.01 0.10+0.01 66.59+0.47 12.534+0.34 3060 min
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Figure 3.14 (a) Single-diode equivalent circuit model under dark (J,,= 0) and illumination.
Experimental (symbol) and modeled (line) J-V curves of (b) the fresh and AM 1.5G-aged
PSCs and (c) the fresh and LED-aged OPVs under darkness using a single diode equivalent
model with two different ideality factor (n).
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Table 3.11 Extracted device performance parameters from an experimental (Dexp) and a
fitting (Ds) model of J-V dark measurement (Figure 3.4b) for PFN-, TiOx-, and ZnO-based

devices.

Device parameters Fresh Degraded Fresh Degraded
AM1.5G AM1.5G LED 1000 lux LED 1000 lux

RsP*P (Q cm?) 2.1 3.1 2.2 5.8
RsPit(Q) 1.2 22 1.3 3.5
RshPoP (Q cm?) 2.5x10° 1.54 x 10* 6.6 x 10 1.2x 108
RsPit (Q) 4.6 x10° 1.7 x 10* 7.3x10° 5.2x 107
JoPfit (A em?) 9.2x 10 2.9x 1010 1.4x 10 8.3x 10"
n 1.2 1.6 1.2 1.5
kscic (A cm?) 15 11 15 16
mscrLc 2 2 2 2

In the meantime, by using an equivalent circuit model shown in Figure 3.14a,
the total current Jp can be divided into two terms as the bulk voltage drop due to the
parallel combination of the series resistance and the SCLC term, as follow

V,
IJp =Jrst)scLc = R_f; + Vg (3.7)

Using equation 3.1 and equation 3.7, the experimental dark J-V characteristics shown

in Figure 3.14b had been fitted using a single diode. Then for each sample, the n, Jy,
and SCLC parameters (k and m) have been obtained, as shown in Table 3.11.

In agreement with the device performance study in section 3.1 and 3.2, a max
PCE of the fresh device under 1 sun illumination was 10% with the average PCE of
9.64%, a Voc of 0.79 V, a Jsc of 17.13 mA cm™, and a FF of 71.4%. On the other
hand, the fresh cells illuminated under LED light have a PCE about 1.6 times higher
than that of 1 sun-illuminated cells, showing the highest PCE of 16.19% with an
average PCE of 15.7%, a Voc of 0.65 V, a Jsc of 0.13 mA cm™, and an FF of 65.6%.
The PCE enhancement of the PSCs cells illuminated under LED light is in good
agreement with the related studies using PTB7-Th:PC70BM as the photoactive
materials.!®!1%175 [t may be due to the well-match between the absorption

photoactive spectra of OPVs with the emission spectra of the LED spectrum.
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To investigate the effect of different light source illumination on the
photodegradation mechanism of the studied devices, the photo-aging test was
conducted in an inert atmosphere (<0.1 ppm O2 and <0.1 ppm H>O) under continuous
illumination of standard 1 sun and 1000 lux LED light. In an inert environment, the
degradation due to ambient moisture and oxygen can be avoided, giving a less
significant effect on the studied photostability mechanism. Figure 3.15 shows the
performance parameters of the devices: PCE, Jsc, Voc, and FF over the aging time,
normalized to their initial values. Following the ISOS-L-1 and low light
measurement protocols, the device lifetimes are listed in Table 3.12. The photo-
aging test was carried out until the PCE of the cells decays 20% from its initial value,
known as Ego, Tso. The initial PCE (Eo) and the times Tos, Too, and Tss defined

137

in the protocols'”’ are also shown in the table. After reaching Tgo, we found that the
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Figure 3.15 Normalized device performance parameters (a) PCE, (b) Jsc, (¢) Voc, and (d)
FF of inverted PTB7-Th:PC7BM-based device under two light sources exposure: AM 1.5G
solar simulator (black squares) and 1000 lux LED lamp (blue circle).
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Table 3.12 Summary of photostability lifetime of the fabricated cells degraded under AM
1.5G and 1000 lux LED light illumination.

Standard lifetime AM 1.5G LED 1000 lux
Eo, To (PCE, %) 9.98 16.19

Tos (min) 3001 40

Too (min) 60 260

Tss (min) 180 1020

Tso (min) 260 3060

lifetimes of the cells aged under LED illumination are almost 12 times longer than
under AM 1.5G solar simulator. It indicates a vivid effect of different light source

illumination on the photodegradation pathways of PSCs.

As presented in Figure 3.15a, the PCEs for all cells decrease exponentially
over the degradation time. The PCE of LED-aged cells dropped 20% after 3,060 min
of continuous illumination, while those of 1 sun-aged cell reaches its Tgo only in 260
min. Rapid decay of all of the studied OPVs devices in the first few minutes are
observed in Figure 3.16. This phenomenon is often reported as a “burn-in loss”
degradation mechanism due to the photochemical reaction within the device layers

and the presence of processing additive 1,8-diiodooctane as photo-acid.!”¢"!78

18 1 v 1 v 1 v 1 v 1 v 1 v 1

15 M

PCE (%)

—o— LED 1000 lux y

3 o AM1.5G -

0 50 100 150 200 250 300 350
Time (min)

o

Figure 3.16 Burn in loss observed in a few minutes of the aging test.



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

Figure 3.15b presents the normalized Jsc values for two different light sources
photo-aging over the degradation time. At Tgo, the devices illuminated under AM
1.5G solar simulator show an increasing Jsc 4% higher in respect of its initial value.
That increment may arrive from the UV-irradiation dependence, known as light-
soaking effect, when the UV components from the solar simulator spectrum irradiate
the cells. The light-soaking phenomenon in inverted PSCs employing TiOx or the
other metal-oxides materials as ETL has been widely observed.!” It may originate
from the photoinduced rearrangement of the Fermi levels at indium tin oxide/TiOx
interface, as reported elsewhere.'®>!%° On the contrary, the Jsc of LED-aged cells fell
21% at Tgo. The Jsc decay under LED illumination originates from the absence of
UV components in the LED spectrum. This behavior correlates well with the PCE

behavior over the photo-aging time.

The normalized Voc over the photo-aging time is presented in Figure 3.15c.
The sun-aged cells show decreased values of around 10% after they reached Tgo. Voc
losses may arise from light-induced trap states/defects, as described elsewhere.!?®
Different behavior was observed in LED-aged cells, and their Voc start to increase
slightly until 30 min and remain stable after 50 min. The other performance
parameters that need to take into account is FF, as shown in Figure 3.15d.
Normalized FF of sun-aged devices decreases abruptly around 16% of its initial
value until Tgo. On the other hand, the FF values of LED-aged cell have followed the
trend: stable for a long time, decrease for a short time, suddenly increased, and

continue following the same trend until it has decreased up to its initial value at Tso.

To examine the charge carrier recombination mechanisms within the devices,
the dependency of the Jsc and Voc on light intensity (Piign/) was measured and the
results are shown in Figure 3.17. The Jsc generally follows a power-law dependence

upon Piigns, as described by the expression:

e € EightS1 (3.7)
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where S/ represents a power-law exponent. For bulk heterojunction
polymer/fullerene-based solar cells, S/ ranges typically from 0.85 to 1.'8! A linear
dependence was observed when the value of S/ close to 1 indicates weak bimolecular
recombination. Conversely, a value of S/ smaller than 1 suggests that bimolecular
recombination of free charge carriers can limit the photocurrent devices.!®? Figure
3.17a,b show the plots of Jsc vs Pjign for the cells illuminated under solar irradiation
(10 — 100 mW cm) and 1000 lux LED light intensity (<1 mW cm™). It is apparent
that the slope is unity and is not influenced by different light sources exposure. All
plots were fitted using equation 3.7. The similar fitted S/ values for the fresh (0.98)
and aged (0.94) cells illuminated under AM 1.5G and LED irradiation suggest that
there is neither bimolecular recombination nor a build-up of space charge in all

devices for both fresh and aged cells.

To gain more insight into recombination kinetics between the fresh and photo-
aged PSCs, the logarithmic dependence of Voc vs. Piign: can be expressed using
equation 3.2. Figure 3.17¢,d show semilogarithmic plots of Voc versus P for fresh
and aged-PSCs under both illumination. The fitted S2 values were obtained from
equation 3.2. The obtained S2 values of 0.99 and 1.26 lead to obtained » values of
1.01 and 1.28 for the fresh cells under 1 sun and 1000 lux LED light illumination,
respectively. Furthermore, the increasing S2 values were expected when we carried
out the photoaging test. The solar-aged cells have S2 values of 1.75 and the LED-
aged cells of 1.47, resulting in n values of 1.86 and 1.38, respectively. This trend is
coherent with the ideality factor of the diode obtained from the dark J-V fitting model
(n value in Table 3.11). These results are in the range of expected values since the
ideality factor for PSCs ranges between 1 and 2 (1 < n < 2).!3 Following theoretical
considerations, the condition of n equal to 1 indicates the bimolecular recombination
mechanism governs the charge recombination in PSCs, whereas when # near to 2, it
is dominated by trap-assisted recombination mechanism.!”” In addition, the increase

from n = 1 to n = 2 indicates the increasing trap density, as observed in the solar-
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aged cells. A higher increased of n values of solar-aged cells (n = 1.86) from its fresh
sample suggest the recombination losses in solar-aged cells are mainly due to band-
tail trap states in bulk. It can explain a rapid decay of Voc over the AM 1.5G aging
time, that is due to the light-induced trap formation, as shown in Figure 3.15¢c. On
the other hand, the lower n values for LED-aged cells compare to their solar-aged
counterpart can be attributed to low concentration traps in bulk under low-light

illumination, resulting in the most stable Voc values over the LED aging time (Figure

3.15¢).
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Figure 3.17 (a,b) Jsc and (c,d) Voc dependence on light intensity over aging time of inverted
PTB7-Th:PC7)BM-based device under (a,c) AM 1.5G and (b) 1000 lux LED light
illumination. All measurements were carried out in an inert atmosphere.
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In spite of the fact that J-V curves could provide the information in which
performance parameters were affected by photodegradation, they could not give
concrete evidence to understand the detrimental cause of PSCs performance
deterioration. It is because of the complexity of the photodegradation mechanism.
Hence, impedance spectroscopy (IS) measurements were carried out under solar
simulator and LED irradiation aging condition to gain more information on the
photostability of PTB7-Th:PC;0BM-based devices. The IS measurements were
performed under the frequency sweep from 1 Hz to 10 MHz over the aging time from
To up to Tso at the open-circuit voltage bias, superimposing an AC signal with 50
mV amplitude. The experimental data were fitted by an equivalent electrical model
using three resistor/capacitor (3RC) circuits in series, as shown in Figure 3.10. These
elements are related to the series resistance of ITO and the resistance and capacitance
of TiOx, active layer, and V20s. The geometrical capacitance values of each layer

can be calculated using equation 3.5 and their values shown in Table 3.7.

Figure 3.18 shows the Cole-Cole (Nyquist) plots of the impedance spectra of
solar-aged and LED-aged PSCs measured at the open-circuit condition with their
corresponding Bode plots in Figure 3.19. It is observed that a single process
represented by one arc behavior in the Cole-Cole plot and one maximum in the real
and imaginary components of the Bode plots depend on the illumination condition
given, high-frequency features under AM 1.5G illumination and low-frequency
features under LED 1000 lux illumination. The important parameters that can be
extracted from the Cole-Cole plots after fitting with the 3RC circuit model are the
capacitance (C), resistance (R), and time constant (t). It can be seen that all plots
over the degradation time show typical arc behavior, indicates that the equivalent
3RC circuit model is suitable for these spectra. Moreover, the diameter of arc
increases as the aging time increases, suggesting an increased bulk resistance of
PTB7-Th:PC70BM devices.!” It is worth noting that the diameter of the arc is

directly related to the value of the resistance. The extracted resistance values of the
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fitted data from solar-aged and LED-aged cells over the lifetime stability are listed
in Table 3.14 and 3.15, respectively. It is observed that the LED-aged cells have
orders of magnitude higher resistance than that of solar-aged cells. The higher
resistances of LED-illuminated fresh and aged cells were mainly due to the bulk RC
ladder under low-light conditions, as we report elsewhere.!”> Moreover, the fitting
values of solar-illuminated fresh cells are dominated by ITO series resistance.
Nevertheless, as the aging time increase, the measurement is strongly affected by

TiOx resistance.
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Figure 3.18 Cole-Cole plots at open-circuit voltage bias over aging time of PTB7-
Th:PC7;0BM-based devices under (a) AM 1.5G and (b) 1000 lux LED illumination. The
experimental results were fitted using the 3RC circuit model (solid lines).
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Figure 3.19 Bode plots, Z’ and Z’’ versus frequency, of the cells under (a) AM 1.5G and (b)
LED 1000 lux illumination at open-circuit voltage condition.

To further analyze in which layer affects most the photodegradation under
different light sources illumination, the percentage contribution of each layer
resistance to the total resistance (Rewot = Rs + RetL + Rouik + RutL) was investigated,
as shown in Figure 3.20. We found the ARjayer/Riotal (Riayer/Riotal 0f aged — Riayer/Riotal
of fresh) of TiOx is the highest among the other layers under both AM 1.5G and LED
illumination. This result suggests that the performance deterioration of OPVs under
both AM 1.5G and LED illumination is mainly due to the degradation of TiOx layer.

Such degradation may arise due to the photochemical activation under operation.'®*



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

Table 3.13 Capacitance and resistance values of each layer of different ETLs under standard
AM 1.5G illumination (100 mW ¢m™) at various applied voltages bias.

ETL Layer Vbias = 0.6V Vbias = Voc
C R T p C R T p
mF) @@ (@) MOem) @F) @ (ps) (MQ cm)
Fresh ITO - 15 - - - 16 - -
TiOx 200 6 1.20  0.36 200 12 2.40 0.72
Bulk 3.5 8 0.03 0.07 3.5 7 0.03 0.07
V205 78 19 148  3.42 78 8 0.62 1.44
Too ITO - 15 - - - 17 - -
TiOx 200 12 240  0.72 200 16 3.20 0.96
Bulk 3.9 8 0.03 0.07 3.5 8 0.03 0.07
V205 78 19 148  3.42 78 8 0.62 1.44
Tso ITO - 15 - - - 17 - -
TiOx 200 22 4.40 1.32 200 24 4.56 1.44
Bulk 3.9 10 0.04  0.09 3.5 8 0.03 0.07
V205 78 20 1.56  3.60 97 10 0.97 1.80

Table 3.14 Capacitance and resistance values of each layer of different ETLs under 1000
lux LED illumination (0.35 mW ¢m™) at various applied voltages bias.

ETL Layer Vbias = 0.6V Vbias = Voc
C R T p C R T p
@F) @ (@) MOem) @F) @ (ps) (MQ cm)
Fresh ITO - 16 - - - 16 - -
TiOx 200 124 2480 7 200 50 10 9
Bulk 3.0 21625 64.88 185 3.5 4250  14.88 36
V205 78 300 23.40 51 78 270 21.06 48
Too ITO - 16 - - - 16 - -
TiOx 200 500 100 28 150 400 60 23
Bulk 3.5 23000 89.70 197 3.9 4300 16.77 37
V205 78 320 2496 55 78 300 23.40 51
Tso ITO - 16 - - - 16 - -
TiOx 200 2500 500 143 150 515 77.25 29
Bulk 3.5 24000 93.60 205 3.9 4500  17.55 38

V205 78 600 46.80 103 78 400 31.2 68
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Figure 3.20 The percentage contribution of each layer resistance to the total resistance of
the cellsfor fresh and degraded devices photodegraded under (a) standard AM 1.5G and (b)

1000 lux LED 2700K irradiation. The values were extracted by modeling the IS
measurements at open-circuit conditions.

3.4 Conclusions

In conclusion, the photovoltaic performance of OPV devices based on PTB7-
Th:PC70BM using different types of ETL materials had been studied under one sun
AM 1.5G and indoor light illumination of warm light color (2700 K LED). The

results showed significant difference in the performance of the OPV devices
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depending on the ETL used. The PFN-iOPV displayed a superior performance under
1 sun, with a higher PCE compare to TiOx- and ZnO-iOPV and the best reported FF’
of 75.00% among the studied PTB7-Th:PC;0)BM-based devices. Unexpectedly,
PFN-1OPV showed the lowest performance when it exposed to indoor illumination
under 250-2000 lux illumination. The highest PCE values are obtained from the
ZnO-ETL with a PCE of up to 16.49%. The changes in the FF’ values observed in
indoor and outdoor conditions can be estimated by incorporating the parasitic series
and shunt resistances effect due to the type ETL used. These results correlate well
with the leakage current and the presence of trap-assisted recombination under low
light intensity. In addition, the indoor PCEs for the different ETLs agreed well with
the trend of the charge collection efficiency. On the other side, a long operational
lifetime Tgo of 3,060 min were achieved by LED-irradiated devices, higher and more
stable than that of AM 1.5G-irradiated devices with Tgo of only 260 min. Using
impedance spectroscopy and three resistive-capacitive equivalent circuit models, we
were able to reveal that the main source of the photodegradation in the PTB7-
Th:PC70BM-based device is the electron transport layer. Our findings suggest that
the proper considerations should be taken into account for better design and optimize
an effective ETL for high performance and photostable OPVs for indoor

applications.
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Chapter 4

Ternary bulk heterojunction solar cells based

on fullerene acceptor
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This chapter is based on the published work: Torimtubun, A.A.A. et al. Fluorinated

Zinc and Copper Phthalocyanines as Efficient Third Components in Ternary Bulk

Heterojunction Solar Cells. ACS Appl. Energy Mater., 2021, 4, 5201-5211.
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4.1 Introduction and the aim of the work

Bulk heterojunction OSCs featuring properties of low-cost, light-weight,
solution-processed, large-area, semi-transparency, and flexible substrates have
attracted great interest for decades.!®*135-13% OSCs are typically composed of the
active layer consists of electron donor (D) and electron acceptor (A) materials in the
blends of single-junction OSCs or tandem cells.!3!17>190.191 However, due to low
charge carrier mobility, limited spectral absorption, and high thermal loss in organic
materials, the tandem cell strategy is preferred as an effective way to address these
issues.!*>!%3 Tandem cell can suppress the thickness constraint due to low mobility
of organic materials in a single-junction cell, providing a wide and efficient optical
absorption spectrum.'** Meanwhile, thermalization losses in a single-junction cell
can also be avoided thanks to the tunability band structure of the active organic
materials in tandem cell.!”> Nevertheless, the complex fabrication process and high
upfront cost limit the practical application of tandem cells.!® In recent years, ternary
organic solar cells (TOSCs) have been proved to be one of the most promising
methods to improve device performance by adding a third component into a binary
system, resulting in a single three-component photoactive layer.’”!?":1% TOSCs
could combine each merit of binary and tandem solar cells to extend light absorption,
simplify device fabrication, and increase device efficiency in a single-junction

device 197,199-202

In a ternary blend, the addition of the third components (secondary donor D3,
or secondary acceptor Az) does not only provides a broadened light-harvesting and
optimizing the film morphology, but also facilitating better charge transport and
exciton dissociation.?®*2%> The dominant fullerene derivatives have been widely
used in OSCs as a primary electron acceptor (A1) or A>. However, fullerene acceptors
showed a weak light absorption, difficult energetic tunability and thermal
instability.?’!2% Recently, non-fullerene acceptors (NFAs) have been synthesized to

overcome the disadvantages of FAs. The rapid progress of highly efficient NFAs
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materials has offered a new opportunity for studying ternary OSCs due to the great
tunability of chemical structures, optical properties and electronic properties of

NFAs, and their ability to phase separate into nanoscopic domains in blended thin

films 113,133,207-210

F
It " F f or CuCl N N
F F F CN KF, Acetone O CN Zn(OAc)z |
+ —_ ---M---
F
F F F CN RT, 3 days [¢) CN 160°C, ovemlght ’L

57% F
(11%)

M =Zn, ZnPcF g 540
M = Cu, CuPcF 4 (4%)

-

Phthalonitrile 1

Figure 4.1 Synthetic route of ZnPcF4g and CuPcFas.

M=Zn, ZnPcF ;g
M=Cu, CuPcF g

Figure 4.2 Chemical structures of PTB7-Th, PC70BM, ZnPcF4s, and CuPcFsg in the ternary
bulk heterojunction solar cells.
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Different small molecules from the phthalocyanines (Pc) derivatives have been
described to provide alternative photovoltaic semiconductor materials for OSC
applications.?!!!* Pcs play an important role as NFAs due to their high molar
extinction coefficients, stability, and the highest occupied molecular orbital
(HOMO)/the lowest unoccupied molecular orbital (LUMO) energy levels
complementary with the energy levels of the other two components.!>2!¢ However,
Pcs have poor solubility in organic solvents and most of the Pcs used to date in
ternary solar cells have been SiPcs thanks to the functionalization of the axial
positions that avoid aggregation processes.?!”2?! Due to this problem, to date, not
too many Pcs have been incorporated in ternary solar cells. Different studies have
been performed using CuPc ?*? and ZnPc ?** as third components and in all the cases
resulted in an efficiency improvement compared to its two-component counterpart.
In all these studies, Pcs acts as efficient transporter between a fullerene derivative
and a polymer. For this reason, a deeper study should be done studying the influence
of the substituents and the metal of the Pcs on the PV performance. In this work, we
have prepared two new zinc and copper phthalocyanines substituted with
electronegative fluorine atoms in benzene rings to enhance their solubility and their
electron acceptor capability. Hence, ZnPcF4s and CuPcFas (Figure 4.1) have been
synthesized and incorporated into the ternary system based on PTB7-Th:PC70BM

(Figure 4.2) to understand their influence on the OSC device performance.

4.2 Results and discussion

4.2.1 Synthesis and materials properties

The synthesis of ZnPcFsg and CuPcFsg was accomplished by statistical
cyclotetramerization of 3,6-difluoro-4,5-bis(pentafluorophenoxy)phthalonitrile 1
using Zn(OAc) or CuCl, as a template, respectively (Figure 4.1). Phthalonitrile 1

was synthesized by nucleophilic aromatic substitution of pentafluorophenol to
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tetrafluorophthalonitrile and characterized by FT-IR, '3C NMR, and MALDI-ToF-
MS. The '*C NMR spectrum was performed without fluoride decoupling and showed
several multiplets due to coupling of the '*C with the '°F. The !*C signal assignments
of the phthalonitrile 1 were performed by a comparative study between
pentafluorophenol and tetrafluorophthalonitrile '*C NMR spectra (see Figure Al
and A2 in the Appendix section).

Just like phthalonitrile 1, ZnPcFas was not possible to characterize using 'H
NMR because of the absence of proton signals but was characterized using '°F NMR,
B3C NMR, and 2D NMR experiments using THF-ds as solvent. The "F NMR
spectrum shows four different signals, and their assignment was made thanks to the
different multiplicities and the 2D experiment (see Figure A3 and A4). The *C-
NMR of ZnPcF4s was performed with and without fluoride decoupling, as shown in
Figure AS and A6. The carbons most affected by the formation of the
phthalocyanine ring are the A and the H, which appear more deshielded than in the
case of phthalonitrile 1 (see Figure A7). The remaining carbons are not as affected.
The existence of fluorine atoms in the non-peripheral positions of phthalocyanine
ring is also demonstrated by signal B in the *C NMR experiment with fluoride
coupling (see Figure A6). This signal appears as a doublet of doublets with coupling
constants of 4 Hz and 266 Hz, being the latter characteristic of '*C—'°F couplings. In
the case of CuPcFss, due to the paramagnetic character of copper, there was not
possible to characterize by NMR experiments. Both phthalocyanines were further
characterized by FT-IR, HR-MALDI-TOF, and UV-vis experiments. The FT-IR for
both phthalocyanines shows the absence of the characteristic peak of C=N around
2200 cm™!, which appears in the FT-IR of phthalonitrile 1 (see Figure A8—A10). The
mass experiments show the expected molecular peaks with an isotopic distribution
that exactly matched the simulated isotopic patterns (see Figure A11-A13). The
UV-vis spectra of the individual thin film and CHCIl;3 solution of PTB7-Th, ZnPcFas,
CuPcFss, and PC70BM are shown in Figure 4.3a. In solution, ZnPcF4s and CuPcFag
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exhibit the Soret band around 360 nm and the Q band around 694 nm, which are the
characteristic of nonaggregated phthalocyanines. Compared with solution absorption
spectra, ZnPcF4s and CuPcFss films show a broader absorption range and,
respectively, perform a red-shift to the near IR absorption spectra of 822 nm and 806
nm, which suggests the presence of ordered J-aggregations in the film.??* Beside near
IR absorption peak, another strong absorption peak of ZnPcFsg and CuPcFasg films
appear at visible range (378 and 652 nm, 382 and 648), which is complementary to
both PTB7-Th and PC70BM. The complementary absorption should be beneficial to
aid the photon harvesting efficiency, resulting in high short-circuit current density
(Jsc) and further improve the efficiency of ternary devices. The complementary
absorption spectra of the binary and ternary thin films are displayed in Figure A1
and A1S5.

Due to the n-m stacking of the molecules in the solution, the oxidation and
reduction potentials were not able to measure by cyclic voltammetry. These values
were obtained from the differential pulse voltammetry (DPVs) in DCM and dry THF
as solvent, for ZnPcFsg and CuPcFus, respectively, containing 0.1 M TBAPFs as the
supporting electrolyte. As shown in Figure 4.3b, ZnPcF4 has two oxidation
potentials at 0.57 and 0.79 V and two reduction potentials at —0.78 and —1.13 V vs.
Fc/F¢'. Meanwhile, CuPcFss shows one oxidation potential at 1.05 V and two
reduction potentials at —0.87 and —1.30 V vs Fc/Fc*. The estimated LUMO energy
levels were calculated according to equation ELumo= —4.8 — Ereq, Where Ereq is the
first reduction potential. For ZnPcF4s and CuPcFss, ELumo are —4.02 and —-3.93 eV,
respectively. As a consequence of the difficulty to obtain the first oxidation potential
of CuPcFsg, the HOMO energy levels for ZnPcF4s and CuPcFss were determined,
adding the absorption onset to ELumo value. These values for ZnPcF4g and CuPcFag
are —5.76 and —5.67 eV, respectively, as shown in Figure 4.3b. The energy bandgap
from absorption onset was obtained from the equation 2.2 as represented in Figure

2.14.
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The HOMO and LUMO energy offset of PTB7-Th and PC70BM is reduced

by the addition of ZnPcF4g and CuPcFag as third components in a ternary blend,

which provides more pathways to enhance the charge transfer of both electrons and

holes by forming a cascade energy transfer.?’>*?> By using photoluminescence

instrument (see Figure A16), the emission of MPcFas is moderately overlapped the

absorption of PTB7-Th, suggest the presence of energy transfer via Forster resonance

energy transfer (FRET).?* Hence, these results suggest that the subtle change in

metal atom in MPcF4s can significantly influence the photophysical and

electrochemical properties.
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Figure 4.3 (a) Normalized UV-vis spectra of individual solutions (dashed lines) and thin
films (solid lines) and (b) diagram representation of the estimated energy levels for PTB7-
Th, CuPcFa4s, ZnPcF4s, and PC70BM (left), calculated from differential pulse voltammetry in
DCM (ZnPcFas) and THF (CuPcFas) using 0.1 M TBAPF6 as supporting electrolyte (right).
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4.2.2 Photovoltaic properties

The device performance of binary and ternary OSCs with different
fluorinated phthalocyanines small molecules is thoroughly studied. The OSCs
devices were fabricated with an inverted configuration of ITO/PFN/active
layer/V2Os/Ag. The ratio of MPcFsg in the ternary devices was optimized, as
summarized in Table A1 — A3. The ratio of MPcF4s to PTB7-Th:PC70BM blend ratio
in the active layer was varied from 0% to 12% while keeping the ratio of the donor
to acceptor weight ratio constant of 1:1.5. The binary PTB7-Th:MPcF4s blend was
performed with the donor to acceptor weight ratio of 1:1 for further investigation.
The J-V characteristics of the optimized OSCs devices based on the PTB7-
Th:PC70BM  (1:1.5), PTB7-Th:PC70BM:ZnPcF4s  (1:1.47:0.03), PTB7-
Th:PC70BM:CuPcFsg (1:1.47:0.03), PTB7-Th:ZnPcF4g (1:1), and PTB7-Th:CuPcFag
(1:1) bulk heterojunction blends under AM 1.5G illumination (100 mW-cm) and
dark illumination are shown in Figure 4.4. The device parameters such as Jsc, Voc,
FF, and PCE are summarized in Table 4.1. To make a good data statistic, the
extracted data were obtained from over 10 devices. As shown in Figure 4.4a and
Table 1, the PC70BM-based binary reference OSCs show a max PCE of 9.23% with
Jsc of 16.82 mA-cm™, a Voc of 0.78 V, and a FF of 68.22%. Both MPcFss—based
binary OSCs show poor device performance compared to PC70BM-based binary
devices. CuPcFass—based binary OSCs show a max PCE of 0.01% with a Jsc of 0.06
mA-cm?, a Vocof 0.32 V, and an FF of 0.24%. Despite having low performance,
ZnPcF4s—based binary OSCs have one order magnitude higher PCE than those of
CuPcFas—based binary OSCs with a max PCE of 0.07%, a Jsc of 0.27 mA-cm™, a
Vocof 0.33 V, and an FF of 0.50%. This may arise from a larger AHOMO of PTB7-
Th / ZnPcF4s (0.54 eV) than that of PTB7-Th/CuPcFig (0.45 eV). As reported by
Yang et al., minimizing energy level-offset between a donor and non-fullerene
acceptor may provide sufficient driving force for more efficient exciton dissociation,

and thus increasing the PCE.??° On the other hand, ZnPcFas TOSCs show a max PCE
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Figure 4.4 J-V characteristics of the binary and ternary solar cells devices under (a) AM
1.5G illumination and (b) dark condition.

Table 4.1 Summary of the device performance parameters of ternary organic solar cells
with different fluorinated phthalocyanines small molecules.?

D:A:A> Jsc[(avg% 141 {%j]lc'b) Voc[ \%vg) FF[g/aoizg) PCE ([%Zﬁ/best)
D:A, 16.82 (16.00) 0.78 68.22 9.01 (9.23)
D:Ai:ZnPcFas 14.25 (13.88) 0.77 64.47 7.12 (7.21)
D:Ai:CuPcFas 17.90 (17.31) 0.78 68.54 9.57 (9.92)
D:ZnPcFas 0.27 (0.25) 0.33 0.50 0.03 (0.07)
D:CuPcFas 0.06 (0.06) 0.32 0.24 0.005 (0.006)

YAverage values were calculated from over 10 devices; ®Jea. values in parentheses are
the integrated current densities calculated from EQE curves.
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of 7.21% with a Jsc of 14.25 mA-cm?, a Voc of 0.78 V, and a FF of 64.47%. Even
though ZnPcF4g exhibits complementary absorption and energy cascade transfer for
PTB7-Th and PC70BM, its lower device performance than those of PC70BM-binary
reference devices may be attributed to the tendency of ZnPcFag to solubilize in either
PTB7-Th and PC70BM phase rather than at PTB7-Th:PC70BM interface.??’ By using
contact angle measurement, we found that ZnPcF4g materials are likely to be miscible
in the acceptor phase (see Table 4.2). It can be seen from the Table 4.2 that the
values for the PTB7-Th:ZnPcF48 (0.38) is much higher than those of
PC70BM:ZnPcF4g (0.28), suggesting much lower miscibility or weaker interaction
between ZnPcF4s and PTB7-Th while a better mixed-phase between PC70BM and
ZnPcFys 1s found. On the other hand, the y values for the binary reference PTB7-Th:
PC7BM (0.01) is much lower than the ZnPcF4s-based blend, indicating a better
miscibility and well mixed-phase in its blend. This result is in good agreement with

the morphology characterization and device performance parameter.

We then explored CuPcFss as the third component in TOSCs. A max PCE of
9.92% with Jsc of 17.90 mA-cm™, a Vocof 0.78 V, and a FF of 68.54% was achieved.
It is demonstrated that their Jsc and FF are higher than those of reference binary
devices. The enhancement in the Jsc is attributed to the complementary absorption
profile of the ternary active layer (Figure A14—A15). A slightly higher value of FF
for the CuPcF43-TOSCs as compared to PC70BM-binary OSCs may be related to the

fact that CuPcF4g improves electron transport.

Table 4.2 Key parameters of contact angle measurements using water and ethlyene glycol

droplets.
Samples  Owaer Oz VP e Surface tension Y
() (°®) (mNm') (mNm') (mNm" with D with Al
PTB7-Th 91.59 7229 22.49 6.56 29.06 - 0.01
PC;,o0BM  90.60 65.54 17.34 10.86 28.21 0.01 -

ZnPcFss  93.84 7449 13.64 9.70 23.34 0.38 0.28
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Figure 4.4b depicts the J-V characteristic measured in the dark, which gives
a further understanding of leakage current, series and shunt resistance in the device
performance. The extracted device performance parameters are summarized in
Table 4.3. At the reverse and low forward voltages, the Rsh was dominated, which
is correlated with the leakage current of the devices. The value of Rsn for ZnPcFag
TOSC:s is the lowest among other binary and CuPcF4g TOSCs. As a result, ZnPcFag
TOSCs have the highest leakage current, which can dominate the photocurrent and
thereby reduce the light current. On the other hand, upon adding CuPcFig in the
TOSCs, the leakage current greatly decreases at negative voltages in compared to
those of binary OSCs. At a region of the applied voltage around 0.5-1.0 V, CuPcF4g
TOSCs and PC70BM binary devices have similar Rs values, and lower than that of
ZnPcF4s TOSCs. Similar Rsn values are also observed in CuPcF4g TOSCs and
PC70BM binary devices, resulting in their similar FF values. A lower FF value of
ZnPcF43 TOSCs is observed with its much lower Rsn value. It suggests that the
parasitic series and shunt resistance effect may contribute to the change of FF in

TOSCs.

Table 4.3 Extracted devices parameters from J-J dark measurements.

D:A1:Az Rs RSh JO

[Yow/w] [Q-cm?] [Q-cm?] [A-cm?
D:A; 3.85 1.15x 10° 2x 10"
D:A:ZnPcFag 2.60 1.46 x 10° 3x108
D:A1:CuPcFa4s 3.77 1.86 x 10° Ix10"
D:ZnPcFag 112.48 2.13x 10° 1x107
D:CuPcFus 30.71 6.82x 10° 1x 10"

To gain further insight into enhanced Jsc values for CuPcFag-based ternary
systems, the external quantum efficiency (EQE) spectra were measured, as shown in
Figure 4.5a. Binary of PTB7-Th:PC;0BM, PTB7-Th:ZnPcFs, and PTB7-
Th:CuPcF4s bulk heterojunction solar cells show maximum EQE values of 68.93%,

1.93%, and 0.71% at the wavelengths of 470 nm, 370 nm, and 340 nm, respectively.



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

Meanwhile, the maximum EQE value of 66.68% for ZnPcF4s TOSCs is lower than
binary PTB7-Th:PC7BM, and the EQE peak is shifted to the lower wavelength at
430 nm. It indicates that the addition of ZnPcF4s as a third component in PTB7-
Th:PC70BM-based OSCs contributes to the deterioration of the device performance,
as shown clearly in Figure 4.5b, by taking the AEQE (defined as EQEermary —
EQFEpinary). The contribution of ZnPcF4g as third component in the photon-to-electron
conversion capability is only can be seen in the wavelength range at 370 nm to 450
nm. On the contrary, the CuPcFss TOSCs show an enhanced EQE response in the
whole wavelength range at 300—800 nm. The highest value of the EQE response of
corresponding CuPcFs3 TOSCs reaches 74.64% at 470 nm. The escalation of the
EQE values for CuPcFss TOSCs together with the increased Jsc contributes to the
FRET effects, which signify that more excitons are generated due to the enhanced
absorbed photons in ternary photoactive layer. These results suggest that the central
metal atom substitution in fluorinated phthalocyanines for the third component in
TOSCs apparently affects the photon harvesting efficiency. It is worth mentioning
that the integrated current density Jsc for binary and ternary devices are in good
agreement with the measured Jsc values from J-J curves with a maximum error of

less than 8%.

The effects of fluorinated zinc and copper phthalocyanines on the charge
recombination dynamics were extracted by analyzing Voc and Jsc as a function of
light intensity (Piignt). The plot Voc versus the natural logarithm of Plign provides
information on the degree of trap-assisted recombination under Voc conditions.
Typically, a slope (S) equal to 1 k7/g suggests the presence of bimolecular
recombination, whereas an S ranged between 1 and 2 (1 k77 < S <2 kT/q) indicates
the presence of monomolecular recombination and trap-assisted recombination
losses. Figure 4.6a shows the plot Voc versus In Piighe for binary devices based on
PTB7-Th:PC70BM, PTB7-Th:ZnPcF4s, and PTB7-Th:CuPcFs, and ternary OSCs
based on PTB7-Th:PC70BM:ZnPcFss and PTB7-Th:PC70BM:CuPcF4s. The slope
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values were calculated to be 1.31 k7/q, 1.74 kT/q, 1.92 kT/q, 1.34 kT/q, and 1.25
kT/q, respectively. These results suggest that the trap-assisted recombination losses
can be suppressed by adding a small amount of CuPcFag in TOSCs. Consequently,
the Jsc and FF of ternary OSC PTB7-Th:PC70BM:CuPcF4g are simultaneously
increased as compared to those of the binary system made of PTB7-Th:PC7BM.
However, the higher S value of PTB7-Th:PC7;0BM:ZnPcF43 OSC indicates that
adding a small concentration of ZnPcF4s results in a higher trap-assisted
recombination degree, resulting in lower Jsc and FF as compared to the binary

system (see Table 4.1).

(a) 8o
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<
< 40
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Figure 4.5 (a) EQE spectra of binary bulk heterojunction OSC and ternary bulk
heterojunction OSCs with two different third components and (b) The AEQE values (y-axis)
of ternary devices with respect to PC70BM-binary device.
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Figure 4.6b shows the power-law function Jsc & Pign®, where a represents
the bimolecular recombination intensity. An a value equal to unity (a =1) indicates
that bimolecular recombination does not take place within the devices.??®??* The
calculated a values are 1 for all devices, excluding the device PTB7-Th:CuPcFag
with o = 1.1. The results indicate there is no bimolecular recombination in all

devices.
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Figure 4.6 (a) Voc and (b) Jsc vs light intensity of binary and ternary films.
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To gain insight into the influence of zinc and copper phthalocyanines on the
charge dynamics, we measured the photocurrent (Jpn) as a function of the effective
voltage (Verr). The Jpn is defined as the difference between the current-density
measured under 1 sun illumination and measured under dark conditions (Jph = Ji —
Jb). On the other hand, Ve is defined as Vesr = Vo — Vapp, Where Vo is the voltage at
Jen = 0, and Vapp is the applied voltage. Figure 4.7 shows the Jpi versus Vet plot for
the binary OSC based on PTB7-Th:PC7;0BM, and the ternary OSCs PTB7-
Th:PC70BM:ZnPcF4s and PTB7-Th:PC70BM:CuPcF4s. For PTB7-Th:ZnPcF4s and
PTB7-Th:CuPcFass-based devices, the saturation current could not be reached even
at bias >1 V, suggesting severe charge recombination phenomena. The saturation
current density (Jsat) 1s extracted from Figure 4.3a, where the Jpn saturates at a high
Vetr of over 1.5V for binary and ternary devices. The maximum charge generation
rate (Gmax) is defined as Jsat = ¢LGmax, Where ¢ is the elementary charge, and L is the
thickness of the binary or ternary organic layer. Besides, the exciton dissociation
efficiency (ndiss) 1s calculated by Jpn/Jsat value under the short-circuit condition,
whereas the charge carrier collection efficiency (ncon) is defined by Jpn/Jsat under the
maximal power-point condition. Table 4.4 summarizes the values of Gmax, Ndiss, and,
Neol for binary OSC PTB7-Th:PC70BM and the ternary OSCs PTB7-
Th:PC70BM:ZnPcFsg and PTB7-Th:PC7;0BM:CuPcFs. In ternary OSC PTB7-
Th:PC70BM:CuPcFss the Gmax 1s slightly higher than that of the binary devices, while
the Gmax of PTB7-Th:PC70BM:ZnPcFss is lower than that of the binary system,
however Gmax for binary-ternary OSCs are almost in the same order of magnitude.
Moreover, the PTB7-Th:PC70BM:CuPcF4g OSC exhibited the highest values of ndiss
and neoll, indicating that adding a 3% of CuPCFus into a PTB7-Th:PC70BM system
allows improving the charge dynamics of the ternary system. These results agree
with the improved Jsc and FF of the PTB7-Th:PC70BM:CuPcF43 OSC in comparison
to those of PTB7-Th:PC70BM.
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Figure 4.7 Variation of photocurrent (Jpy) with effective voltage (Verr) in PC70BM-binary

and ternary solar cells devices.

Table 4.4 The values Gmax, Ndiss, and, Mcont for binary OSC PTB7-Th:PC;BM and the ternary
OSCs PTB7-Th:PC7BM:ZnPcF4s and PTB7-Th:PC70BM:CuPcFs.

. Gmax iss co
Device (3 ] ;lodA) ] ;!%)l]l
D:A, 1.11x10% 97.23 83.90
D:A :ZnPcFag 8.71x10% 97.98 83.63
D:A:CuPcFug 1.16x10% 98.89 84.01

4.2.3 Thin-film surface properties

Even though ZnPcF4s and CuPcFss have the same value of the energy
bandgap (E¢ = Enomo — ELumo) of 1.74 eV and similar HOMO and LUMO values,
ZnPcF4s-based binary OSC showed an order magnitude higher efficiency when
paired with PTB7-Th than those of CuPcFss. The reason behind this may correlate
with the different morphology of the bulk film, as shown in Figure 7. The tapping-
mode atomic force microscopy (AFM) measurements were performed to investigate
the bulk surface morphology changes by introducing MPcF4s to binary reference
blend. The corresponding AFM height and phase images for PTB7-Th:MPcF4g blend
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Figure 4.8 AFM height images (top), AFM 3-dimensional height images (middle) and AFM
phase images (bottom) (2 x 2 um) of binary (a) D:ZnPcF4s, (b) D:CuPcF4s and (c) D:Aj;
ternary (d) D:A:ZnPcFss and (e) D:A1:CuPcFas.

are shown in Figure 7a and b (top part is 2-dimensional images, middle part is 3-
dimensional images, while bottom part is the phase images). Both MPcFss-based
binary blends show a coarse, distinctive phase-separated morphology with large
island-like domain. Larger domain sizes on the photoactive layer of OSCs are not
favorable for charge transport or exciton diffusion, thus explaining why MPcFas-
binarsy OSCs have inferior device performance (see Table 1). Even though both
MPcFss-binary blends have a large domain and very rough surfaces, the ZnPcFas-
based binary blend shows clearly less aggregation because ZnPcs are known to
disperse better in solution than CuPcs.>** Compare to PTB7-Th:CuPcrss blend,
PTB7-Th:ZnPcras blend shows a lower root-mean-square (RMS) roughness of ~63
nm, less aggregation with smaller hills, and smaller height difference, as shown in

its corresponding 3-D height and phase images. This result is in good agreement with
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the higher performance of ZnPcFas-based binary OSC than CuPcFas-based binary
OSC. Due to MPcFas-binary poor film morphology, they are likely to play a bigger

role than small energetic differences.

Figure 7c¢ displays the morphology of binary reference PTB7-Th:PC7;0BM
blend film featuring smooth crystallized like domain with RMS roughness of 1.72
nm. In the case of ternary system, the 3% addition of ZnPcF4s as third component in
PTB7-Th:PC70BM blend results in increasing RMS roughness of 2.5 nm and a larger
height difference of 12.6 nm, as shown in Figure 7d. Moreover, the formation of
homogeneous dispersity of pinholes on ZnPcFass-ternary blend film is clearly
observed in the phase image, which is not beneficial to facilitate charge transport.
On the other hand, the incorporation of 3% CuPcFss in PTB7-Th:PC70BM blend
effectively decreases RMS to 1.67 nm and results in a finer interpenetrating bulk
heterojunction morphology relative to the PC70BM-binary blend, as shown in Figure
7e. The smoother morphology of PTB7-Th:PC70BM:CuPcFss ternary blend
compared to PC70BM-binary blend may explain the reduced recombination losses
and better charge dynamics of CuPcFss-based ternary compared to the binary blend,
which has been reflected in the higher value of FF and Jsc in the incorporation of

CuPcF4g third component in TOSCs devices.

4.2.4 Photostability study

In addition to high device performance, the information about ambient
stability is necessarily important for the future commercialization of OSCs.
Generally, the ambient photostability of OSCs depends on several factors, such as
exposure to humidity and oxygen, intrinsic properties of the organic materials,
fullerene dimerization in FA-based OSCs, microstructural stability of NFA-based
OSCs, etc. Recent studies about the photostability investigation of ternary OSCs

showed that the incorporation of third component might enhance the ternary system
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photostability by minimizing the molecular structural changes, preserving the
crystallinity, deactivate light-induced trap formation, and balancing the charge
carriers mobilities in their active layers upon photodegradation exposure.'?®>! We
believe that the incorporation of MPcF4g as third component in TOSCs may affect
the device photostability. Thus, we performed the photostability study of
nonencapsulated binary and ternary devices exposed under continuous AM 1.5G
illumination at open-circuit condition in an ambient atmosphere (room temperature,

relative humidity = 50 — 60%).

The evolution results of photovoltaic parameters for all devices under the
ambient photodegradation test are presented in Figure 4.9. The ZnPcF4s-TOSCs
suffer the most in degradation with more than 95% efficiency loss after 40 min of
illumination, as shown in Figure 4.9a. On the other hand, the PCE of PC70BM-binary
OSCs is reduced by 90% from its original value. The most stable device is the
CuPcF45-TOSCs, with a PCE decay of almost 85%. Reasonable photoaging decay
was noticed for all photovoltaic parameters in all devices, as shown in Figure 4.9b—
d. It is obvious to see that Jsc decay in all photodegraded devices has similar behavior
with PCE decay behavior, suggesting that Jsc is the main contributor to the observed
PCE loss. Moreover, it is observed that FF decay also contributes to the PCE loss
after Jsc decay. A relatively higher Jsc and FF loss in photodegraded ZnPcFas-
TOSCs may be attributed to the morphological instabilities of bulk heterojunction.?3?
On the other hand, the addition of 3% CuPcF48 in binary PTB7-Th:PC70BM blend
can moderately enhance the ambient photostability, verified by the relatively the
lowest Voc and FF loss. This result indicates that the metal atom substitution strategy
in the third component of TOSC affects the photostability of OSCs. Further study
needs to be carefully carried out to go more in-depth into the main degradation
mechanism caused by the metal atom substitution of MPcFsg third component in

TOSC:s for a full application of ternary strategy in the future.
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Figure 4.9 Normalized (a) PCE, (b) Jsc, (c) Voc, and (d) FF of PC;0BM-binary, ZnPcFas-
ternary and CuPcFus-ternary devices over photoaging time.

4.3 Conclusions

In summary, we have successfully synthesized fluorinated zinc and copper
phthalocyanines (ZnPcF4s and CuPcFag) as new third components in ternary OSCs
with a device architecture of ITO/PFN/PTB7-Th:PC70BM:MPcF4s/V20s/Ag. The
introduction of MPcFss with different central atoms have an influence on the
electronic structure, optical absorption, energy level alignment, charge transport and
recombination, and blend film morphology of TOSCs. Among MPcFg derivatives,
CuPcF4g has the highest PCE of up to 9.92%, due to their better morphology,
improved exciton dissociation, better charge carrier collection efficiency, and more

suppressed trap-assisted recombination, thus making it a promising new NFA
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material for OSCs applications. Further studies are in progress in order to optimize

the devices using new CuPcs as TOSC third component to increase PV performance

and stability.
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Chapter 5

Ternary bulk heterojunction solar cells based
on nonfullerene acceptors
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This chapter is based on the submitted work: Torimtubun, A.A.A. et al. Achieving

17.7% Efficiency of Ternary Organic Solar Cells by Incorporating a High LUMO
Level and Miscible Third Component. submitted.
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5.1 Introduction and aim of the work

The bulk-heterojunction organic solar cells (OSCs) have made significant
progress thanks to the synergistic advances in materials design and device
engineering, boosting the power conversion efficiency (PCE) to over 18% in single-
junction OSCs.2*>23¢ The recent emergence of high-performance Y-series
nonfullerene acceptors (NFA) paired with polymer donor PM6 has motivated a
major revolution in OSCs field. To further boost PCE of OSCs, constructing ternary
organic solar cells (TOSCs) is a facile and effective approach via introducing third
component, either a secondary donor or a secondary acceptor, in binary host blend.
The third component in TOSCs can have various functions for successfully
constructing the efficient and stable TOSCs such as widening the absorption spectra,

modulating the energetics, regulating morphology, and enhancing stability,>>6%237-

240 making a rational selection of third component material, is of urgent and

fundamental importance.

To choose a compatible third component, some key factors must be considered,
mainly from the electrical and morphological perspectives. Considering the energetic
perspective, a higher-energy lowest unoccupied molecular orbital (LUMO) material
for a two acceptors system or a deeper highest occupied molecular orbital (HOMO)
material for a two donors system was selected as third component to increase
simultaneously the open-circuit voltage (Voc) and short-circuit current density (Jsc)
values of ternary device.??***'"2$ In the case of two acceptors system, either
fullerene acceptor (FA) or NFA can be selected as a good ternary composite in the
state-of-the-art PM6:Y-derivative binary blend system, depending on its
compatibility with Y-derivative host acceptor. For example, Zhang and coworkers
introduced an amorphous ICBA into PM6:Y7 binary blend, which helps improve the
Voc by elevating the LUMO energy levels and concurrently increase Jsc by
extending the absorption in a short wavelength band, thus boosting the PCEs of the
corresponding TOSCs to 16.76%.% In fact, employing a NFA as third component
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with a smaller band gap and a higher LUMO energy level than the acceptor host can
achieve simultaneously enhancement in both Voc and Jsc, as demonstrated by An’s

group by adding MF1 in PM6:Y6 binary system achieving a high PCE of 17.22%.%

On the morphological perspective, from the thermodynamics point of view, it
has been demonstrated that a third component with suitable miscibility with host
acceptor is more likely to form a mixed acceptor phase, resulting in quasilinear
relationship between open-circuit voltage (Voc) and weight ratio of third component.
Jia et al. found that by adding ITIC as third component into PM6:Y 6 binary blend,
the variations of ITIC content in acceptor domain can linearly tunable Voc, which
was modulated by the interplay between CT states and nonradiative recombination
rates.®* Furthermore, structural similarities between two nonfullerene acceptors
allows them to form an alloy-like composite with homogeneous acceptor phases,
leading to optimize energy-level alignment and maintain the blend morphology, thus
maintaining the device fill factor (FF).>* Apart from the performance enhancement,
achieving stable TOSCs is critical for commercialization, thus Dong and co-workers
reported this similar structure of two NFAs could facilitate better thermal and
photostability of TOSCs, which might be associated with suppressed aggregation
tendency by alloy-formation.?*¢ These studies highlight the synergizing use of third
component that has a higher LUMO level and a relatively low miscibility with the
host acceptor for obtaining highly efficient and photostable NFA-based TOSC:s.
However, reports of highly efficient and stable TOSCs with acceptor alloy-like

formation are still rare, especially for Y7-based systems.

In this contribution, two distinct categories of acceptor materials — the classic
fullerene derivative PC70BM and the classic nonfullerene ITIC-M are employed as
the third components in the state-of-the-art PM6:Y 7 host binary system. Despite the
fact that the two acceptor guests PC70BM and ITIC-M possess completely different
chemical structures, we notice a PCE enhancement of over 7% in the ternary devices

due to their good miscibility and higher LUMO energy level relative to the host
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acceptor Y7. Compared to the champion PCE of the PM6:Y7 binary OSCs (PCE =
16.46%), the champion PCEs of the ternary OSCs as high as 17.73% and 17.67% for
PM6:Y7:ITIC-M and PM6:Y7:PC70BM devices, respectively, are demonstrated.
Due to the good compatibility between ITIC-M or PC7BM and Y7, an acceptor
alloy-like state was formed, showing a nondisrupted bicontinous film morphology in
ternary blends, which is favorable for charge dissociation, charge collection and
transport properties with suppressed bimolecular and trap-assisted charge
recombination. The higher LUMO levels of the third components helps the ternary
OSCs elevates the Voc by reducing energy-loss and reverse saturation current,
creating less-localized shallow trap sites along with suppressing charge
recombination and Urbach energy. Furthermore, photoluminescence and single
material device investigations demonstrate energy transfer between the two well-
mixed acceptors, contributing to the increased current. The combination of these
improvements leads in a simultaneously enhanced Voc, Jsc and FF with respect to
those of binary host. The findings imply that one of the keys to obtain high efficiency
ternary OSCs is establishing good morphological compatibility with host materials

with suitable energy levels and complementary absorption.

5.2 Results and discussion

Figure 5.1a depicts the chemical structures of host donor PM6, host NFA-
based Y7, and third components ITIC-M NFA and PC7BM FA, as well as the
schematic illustration of the device structure used in this work. Figure 5.1b shows
the HOMO and LUMO energy levels of PM6, Y7, ITIC-M, and PC70BM, which are
consistent with previous studies.?8243-247248 Both of secondary acceptors PC70BM
and ITIC-M have LUMO levels higher than those of host acceptor Y7, which is
expected that the ternary OSCs may yield higher Voc values. Figure 5.1¢ presents
the normalized UV-vis absorption spectra of the used materials in their neat-film

states. The maximum absorption peaks of ITIC-M (703 nm) lie between those of
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Figure 5.1 (a) Chemical structures of photoactive materials and schematic diagram of
device architecture used in this study, (b) energy level diagrams of PM6, Y7, ITIC-M and
PC7BM, (c) normalized UV-Vis absorption spectra of neat PM6, Y7, ITIC-M and PC7,BM
films; and (d) normalized absorption spectra of the binary and ternary blend films.

PM6 (626 nm) and Y7 (841 nm) whereas PC70BM have a strong light absorption in
the wavelength range from 300 nm to 700 nm, indicating the formation of a
complementary and broaden absorption spectrum by third components. In addition
to the pristine materials, the normalized UV-vis absorption spectra of the blend films
are exhibited in Figure 5.1d. It is observed that the binary films of PM6:Y7 host
system, PM6:ITIC-M, and PM6:PC70BM have absorption peaks (Amax) at 817 nm,
694 nm and 427 nm, respectively, implying that adding PC70BM and ITIC-M as third
components may compensate for the absorption of host system. In ternary
PM6:Y7:ITIC-M blend film, a slightly redshifted and increased absorption peak
intensity at ~821 nm is observed, along with an increase shoulder near 730 nm,
indicating the contribution from ITIC-M. On the other hand, due to the 10 nm
redshifted and increased Y7 absorption peak position in ternary PM6:Y7:PC70BM,

along with a decrease shoulder near 684 nm, thus we suspected that PC70BM would
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have a good compatibility with Y7 to provide more photon absorption which induce

a higher short-circuit current density (Jsc) values in ternary OSCs.?*

To confirm the good compatibility of the two acceptors, the contact angle
measurements of neat films were performed to study the surface tension of materials
and thus to estimate the strength interaction between them and their effect on the
phase segregation and blend morphology. Figure 5.2 presents the contact angle
images based on liquid drops of water and ethylene glycol (EG), while Table 5.1
lists the surface tension (y) values of the materials calculated according to Wu’s
equation and the Flory—Huggins interaction parameter (y).>?%° As a result, the
surface energies for PM6, Y7, ITIC-M, and PC70BM pristine films are 23.98 mN m’
1,27.23 mN m™, 28.31 mN m™, and 28.21 mN m™!, respectively. Accordingly, the
interaction parameter y values between PM6 and Y7 (ypme,y7 = 0.103) is relatively
small, suggesting a good miscibility between them. In contrast, the ypme,iric-v = 0.180
and ypmepcem = 0.171 are higher than those of ypmey7 values, indicating a lower
miscibility (i.e., weaker interactions) between PM6 host donor and the third
components. Interestingly, the interaction parameter between Y7 and the third
components are extremely low (yy7,iric.v = 0.011 and yy7,pcem = 0.009), indicating a
good compatibility between host and guest acceptors which could form an alloy-like
composite, supporting our hypothesis. From thermodynamic point of view,
therefore, the addition of a less miscible third component (larger value of y) relative
to the donor effectively increase the pure phase domain sizes, which is favorable for

charge dissociation and charge collection.’®
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Figure 5.2 Contact angle images of the neat films of PM6, Y7, ITIC-M, and PC7BM. The
values of the images are the average contact angle from nine tests of different part in the
same film.

Table 5.1 Contact angles, surface tension, and interaction parameters.

0 0 p P i a a
Materials  Jar 56 N (N ) et S -
PM6 92.50 71.68 12.46 11.53 23.98 N/A 0.103
Y7 93.70 64.54 7.77 19.46 27.23 0.103 N/A
ITIC-M 90.91 68.02 19.17 9.14 28.31 0.180 0.011
PC70BM 90.60 65.54 17.34 10.86 28.21 0.171 0.009

9 The Flory-Huggins interaction parameter based on the surface tension data formula
between the donor (D) and the acceptor (A) calculated using y = (\/yD — /YA)~

To investigate the performance of ternary OSC with different third component
materials addition, PC70BM FA and ITIC-M NFA, a series of binary and ternary
OSCs were fabricated with a conventional device architecture of
ITO/PEDOT:PSS/active layer/PDINO/Ag. The host donor to acceptor weight ratio
was fixed at 1:1, following the optimized conditions for PM6:Y7, and the contents
of the third components changes proportionally to determine the optimal
composition. The detailed fabrication and characterization of OSCs are described in

the Supporting Information. The current density-voltage (J-V) curves for the optimal



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

binary and ternary devices measured under AM 1.5G illumination with 100 mW cm’
? light intensity are plotted in Figure 5.3a. The detailed photovoltaic parameters are
listed in Table 5.2. The average performance parameters are obtained from at least
twenty individual OSC devices. The PM6:Y7 binary OSCs deliver a PCEmax of
16.46% (average PCE of 16.37 + 0.39%) with a Voc of 0.845 + 0.008 V, an
impressive Jsc of 28.02 + 0.74 mA cm™, and an FF of 66.56 + 1.28%. In contrast,
the PM6:ITIC-M binary OSCs show a lower PCEnax 0f 9.22% (average PCE of 8.86
+ 0.25%) with a significantly enhanced Voc of 1.019 + 0.006 V but reduced values
of Jsc (15.86 £ 0.47 mA cm?) and FF of (54.86 + 1.24%). Moreover, the
PM6:PC70BM binary OSCs exhibit PCEmax 0f 9.43% (average PCE of 8.88 + 0.32%)
with a reduced Jsc of 13.51 = 0.38 mA cm™ but an increased Voc (0.960 £ 0.007 V)
and FF (68.33 + 1.13%). It should be noted that the PM6:Y7 showed the highest
efficiency for binary system, which is worth investigated as the high-performing host
binary in ternary system. With a minute addition of ITIC-M (10 wt%), the ternary
PM6:Y7:ITIC-M OSCs achieved an impressive PCEnax of 17.73% (average PCE of
17.15 £ 0.33%) with Voc of 0.868 £ 0.004 V, Jsc of 29.27 + 0.57 mA ¢cm™, and FF
of 67.58 + 0.89%, outperforming the binary host device. The champion ternary
device with the addition of ITIC-M benefits from the significant increase of Voc and
Jsc and slightly improved average FF, mainly related to the up-shifted LUMO energy
level and complementary absorption of ITIC-M with respect to that of Y7. Besides,
loading a small amount of blue-shifted absorption third component material,
PC70BM (10 wt%), into PM6:Y7 host blend had successfully enhanced the device
performance for ternary PM6:Y7:PC70BM device due to the concurrent increase in
Voc (0.856 £ 0.006 V), Jsc (29.38 £ 0.83 mA cm™), and FF (68.39 £ 1.34%), leads
to the high PCEnax of 17.67% (average PCE of 17.12 + 0.34%). The significant
increase of Jsc and FF in PM6:Y7:PC70BM device should be attributed to the two
factors. First, the enhanced photon harvesting of ternary blend due to the broader
absorption window that cover the light spectrum from ultraviolet to near-infrared

(NIR) regions, and the second, the well-developed morphology of ternary blend
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Figure 5.3 Current density-voltage (J-V) characteristic curves measured under (a) AM 1.5G
illumination and (b) in dark condition; (¢) EQE curves of the corresponding OSCs and (d)
the AEQE values of 10% addition of either ITIC-M or PC7BM with respect to the 0%
device.

films with PC70BM addition. As both ternary ITIC-M and ternary PC70BM have
similar average PCEs, the Voc and Jsc are the main parameters that improve
substantially with the addition of third component, which should be benefited from
the lower LUMO levels and an alloy-like acceptor phase formation due to good
compatibility between the host and guest acceptors. In light of the higher lying
LUMO energies in both ITIC-M and ternary PC70BM with regard to Y7, we believe
that the energy loss (Eloss) can be regulated in the ternary cells. The Ejoss of OSCs can
be determined according to Eloss = Egap — qVoc With Egyp is the optical energy gap

calculated from Tauc’s method from the absorption spectra of the blends.25! As listed
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in Table 5.2, the PM6:Y7 binary host OSCs shows a Eloss of 0.539 eV, consistent to
the values in recent study.2°®8 The Eioss of the optimized ternary ITIC-M- and
PC70BM-based OSCs are 0.49 eV and 0.484 eV, respectively, which are lower
compared to their binary counterparts. The reduced Eioss by incorporating appropriate

third components are critical in improving performance of ternary OSCs.

Table 5.2 Device performance parameters of optimized binary and ternary OSCs measured
under AM 1.5G with 100 mW cm™ intensity.

Voc Jsc JscFQE FF PCE ¥ Eloss

Blend -2

en V) (mA cm?)  (MACMT) (o) (%) V)
Binary (0.845 + 0.008) (28.02 +0.74) 26.87 (66.56 + 1.28) (16.37 +£0.39) 0.539
PM6:Y7 0.850 28.65 67.57 16.46
Ternary (0.868 + 0.004) (29.27 +0.57) 27.36 (67.58 +0.89) (17.15+0.33) 0.490
PM6:Y7:ITIC-M  0.870 30.16 67.57 17.73
Ternary (0.856 +0.006) (29.38 +0.83) 28.05 (68.39 £ 1.34) (17.12+0.34) 0.484
PM6:Y7:PC70BM 0.860 30.22 67.98 17.67
Binary (1.019 + 0.006) (15.86 +0.47) 15.87 (54.86 £ 1.24) (8.86+0.25) 0.581
PM6:1TIC-M 1.030 16.27 57.20 9.22
Binary (0.960 + 0.007) (13.51 £0.38) 12.46 (68.33£1.13) (8.88+0.32) 0.801
PM6:PC70BM 0.970 13.91 69.93 9.43

% The maximum device parameters values are shown outside of parentheses. The statistical
values are listed in parentheses, obtained from over 20 devices.

Figure 5.3b presents the dark J-J characteristics of binary and ternary OSCs,
which provide an information regarding their bulk and interfacial resistance (Rs),
ideality factor along with the leakage current and charge carrier recombination (Rsy)
of the devices. The Rs and Rg; (parasitic resistance) values of the optimized devices
are listed in Table 5.3. At reverse voltage bias without illumination (V' < 0V), the
drift of charge carriers is determined by Rsn, which is correlated with the current loss
such as leakage current. The ideal Rsh should be very high, resulting in zero current
flows through Rs, i.e. no current leakage in the device. The Rsh values are 2.75x10°,

6.20x10°, and 1.59x10° Q cm? for PM6:Y7, PM6:Y7:ITIC-M, and PM6:ITIC-M
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devices, respectively, implying that the leakage current and higher degree of charge
carrier recombination in the ternary device can be restrained by incorporating
appropriate ITIC-M. The similar tendency to suppress leakage current and lowering
the degree of charge carrier recombination can be regulated by adding a proper
amount of PC70BM in ternary device, demonstrating by the higher Rsn value of
1.13x10* Q cm? observed for ternary PM6:Y7:PC7BM device than those of binary
host and binary PM6:PC70BM device (1.07x10* Q cm?). It is worth noting that the
high leakage current in ITIC-M-based OSCs leads to a significant reduction about
one-order magnitude lower in Rsh values with respect to those of PC70BM-based
OSCs, which indicates that PC70BM could provide a good interfacial morphology by
suppressing the leakage current and morphological traps on the PM6-donor system,
better than those of ITIC-M, as discussed later. At high voltages (V' > 1V), the
charges start to accumulate and are limited by Rs. Rs values are 1.29, 1.41, and 1.19
Q cm? for PM6:Y7, PM6:Y7:ITIC-M, and PM6:Y7:PC7BM devices, lower than
those Rs values of 4.07 and 1.77 Q cm? for PM6:ITIC-M and PM6:PC70BM binary
devices, respectively, indicating fewer defects at the Y7-based BHJ blend and/or at
the interfaces within the corresponding devices, which should be beneficial for an
efficient charge carrier collection and better charge carrier mobility.>*>?>? It has been
demonstrated that the parasitic resistances effect might contribute to the change of
FF in TOSCs, thus we calculated the ideal FF (FFo) values of all devices along with
the FF affected by Rs (FFrs) and Rsh (FFrsh), as summarized in Table 5.4. In ideal
condition, FFos are expected to be improved by the addition of third components,
however the observed experimental FFs are much lower than the calculated ideal

FFo, emphasizing the significant effect of Rs and Rsn on the studied devices.

The other parameter that can be extracted by dark J-V characteristics is the
dark reverse saturation current density (Jo) which represent the current density of
minority carriers. Suppressing Jo is an important strategy to increase Voc as Voc is

strongly related to Jpn/Jo as described by equation 5.1:
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KT ]
Voc ="In (]Loh+1) (5.1)

where niq 1s the ideality factor that can be extracted from either light dependency
measurement and transient techniques as mentioned later, k£ is the Boltzmann
constant, 7 is the temperature, and ¢ is the elementary charge. The extracted Jo values
are 37.00, 7.36, 9.98, 2.03, and 3.96x10° A cm™ for binary host, ITIC-M ternary,
PC70BM ternary, ITIC-M binary, and PC70BM binary devices, respectively. The
gradually decreased Jo values in the studied devices is in an excellent agreement with
the increased Voc values of ternary OSCs, implying that the Jo values can be
restrained according to the slightly enhanced LUMO levels of alloyed acceptors
along with the increased ITIC-M and PC70BM content.

Table 5.3 Extracted series resistance and shunt resistance values from dark J-V curves for
all devices.

Blend system Rs Rsn Jleakage at 0.5V Jo
(Qcm?) (Qcm?) (A cm™) (A em?)

Binary 1.29 2.75x103 1.90x10* 3.70x1078

PM6:Y7

Ternary 1.41 6.20x10° 8.10x107 7.36x107°

PM6:Y7:ITIC-M

Ternary 1.19 1.13x10* 5.60x107 9.98x107

PM6:Y7:PC7;0BM

Binary 4.07 1.59x10° 3.30x10* 2.03x107

PM6:ITIC-M

Binary 1.77 1.07x10* 7.10x107° 3.96x107°

PM6:PC;0BM

To investigate the underlying reason of the enhanced Jsc values, the
corresponding external quantum efficiency (EQE) spectra of the relevant OSCs were
measured, as presented in Figure 5.3c¢. It is observed that the host binary PM6:Y7
has a broad photon response in the wavelength region of 300 — 950nm, whereas the
binary PM6:ITIC-M and binary PM6:PC70BM show the EQE response in the
wavelength of 300 — 780nm and 300 — 730nm, respectively, which are in good
agreement with UV-vis profile. In comparison with binary host device, the optimized

ITIC-M-based ternary device exhibits an enhanced EQE responses in the whole
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wavelength range of 300 — 830nm and finely increase in the range of 1000 — 1100nm
(see Figure 5.3d), whereas the optimized PC7;0BM-based ternary device shows an
enhanced EQE responses in the whole wavelength of 300 — 900 nm with a higher
response at NIR wavelength (>800nm). The increased EQE responses for both
ternary devices are in good agreement with the simultaneously red-shifted Amax of
PM6 and Y7 moieties in the ternary blends compared to the corresponding neat films,
suggesting a better molecular orientation of PM6 and Y7 moieties after loading a
small amount of compatible third components, thus provide more efficient photo-
current generation. A good agreement between UV-vis and EQE results corroborates
the increment in the Jsc values of ternary devices with respect to the binary
counterparts. In addition, the calculated Jsc values from the integrating EQE spectra
conforms the Jsc values measured from the J-V curves with deviations of less than

10%.

Table 5.4 Parameters used to predict the fill factor for all studied devices.

Blend system Is Fsh voc FFo FFgs FFrstrsn FFexp
Binary 0.043 16.414  23.347 0.828 0.793 0.753 0.676
PM6:Y7

Ternary 0.050 10.920  26.540 0.843 0.802 0.741 0.676
PM6:Y7:ITIC-M

Ternary 0.040 10.753  25.908 0.840 0.807 0.744 0.680
PM6:Y7:PC7;0BM

Binary 0.064 5.971 28.237 0.850 0.796 0.687 0.572
PM6:ITIC-M

Binary 0.058 16.018  27.348 0.847 0.797 0.756 0.699
PM6:PC;0BM

To analyze the effect of the third components addition on the surface
morphology of the corresponding blends, we performed the atomic force microscopy
(AFM) and transmission electron microscopy (TEM) measurements. The AFM
topographic and phase images of binary and ternary blends are presented in Figure
5.4a and 5.4b. In the topographic images, the blend films of Y7-, ITIC-M-, and
PC70BM-based binary blends displayed the root-mean-square (RMS) surface
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Figure 5.4 AFM (a) topographic and (b) phase images and (c) TEM images of binary and
ternary blend films.

roughness of 1.80, 2.64, and 1.21 nm, respectively. The rougher surfaces of
PM6:ITIC-M is undesirable for charge collection by the electrodes, which can be
correlated to the larger ypme,ric-m values than that of ypme.pcem and ypme,y7 from the
surface tension measurement. Thus, PM6:ITIC-M OSCs exhibited the lowest FF
value in the J-V characteristic. After loading a small amount of ITIC-M/PC70BM, the
ternary blend films of PM6:Y7:1TIC-M and PM6:Y7:PC70BM were modified with
an optimized RMS roughness of 1.50 and 1.25 nm. As a result, a better dispersity of
interpenetrating nanostructure with the favorable shape of the domains in ternary
blend films interposed between those of Y7- and ITIC-M/PC70BM-based binary
blends is observed in the AFM phase images. It is worth noting the smaller RMS and
homogeneous nanostructure of PC70BM-based binary and ternary blends than those
of either Y7-based binary or ITIC-M-based binary and ternary blends may facilitate
good interfacial morphology, which in accordance with the lower leakage current
observed in dark J-V characteristics. Moreover, the size of the nanofibril structures
become smaller with increasing ITIC-M contents. The TEM images further

corroborate the changes of dispersity in nanoscale blend morphology between binary
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and ternary blends, as shown in Figure 5.4¢. The homogeneous small domain size
and nanofibrous structures can be observed in binary blend films. The fine variation
of nanofibrous structures observed from TEM images of the ternary blend suggests
the good compatibility among the used materials. In good agreement with the surface
tension calculation, the good compatibility between Y7 and third component ITIC-
M/PC70BM is favorable for the acceptor alloy state formation, leading to more

efficient electron transport channel >3

As widely known in OSCs community, three different fundamental
mechanisms are mainly occurred in ternary BHJ: 1) charge-transfer mechanism,
where a cascading energy alignment is formed among three components for efficient
charge transport and dissociation; 2) energy-transfer mechanism, where the third
component with a different bandgap performs as an energy donor, absorbing more
photons and inducing long-distance or short-distance energy transfer to the energy
acceptor; 3) parallel or alloy mechanism, where the third component either creates
additional pathways or mix with the host component and behaves like one tunable
material to facilitate charge process.”>* The photoluminescence (PL) measurement
can be used as a technique to disregard the charge or energy transfer within the
ternary systems. PL spectra of the neat (PM6), binary host (PM6:Y7) and ternary
(PM6:Y7:ITIC-M and PM6:Y7: PC70BM) films were measured under an excitation
wavelength of 600 nm. As plotted in Figure 5.5a, the neat PM6 film exhibits the
strongest PL emission. The emission peak at 665 nm of PM6 can be completely
quenched in all blend films and in the meantime PL emission peaks of blend films
are blue-shifted, indicating the presence of an electron transfer between PM6 and the
acceptors. The two ternary blend films were more efficiently quenched than the
PM6:Y7 binary blend, suggesting the addition of ITIC-M or PC70BM as third
component indeed promote electron transfer from PM6 to the mixed acceptor phase.
Considering that the overlap between the UV-vis spectral absorption of Y7 and the
PL emission of third components ITIC-M or PC70BM (see Figure 5.6), this strongly
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indicates energy transfer between ITIC-M or PC7;0BM and Y7, which could
contribute to the slightly increased Jsc values and enhanced EQE spectra of ternary
OSC devices. Additionally, we fabricated a series of devices with the active layer
containing the acceptors only to give further insight on the intermolecular dynamics
process between Y7 and the secondary acceptors (ITIC-M or PC70BM). Figure 5.5b
shows the J-V characteristics of the corresponding devices under AM 1.5G
illumination with 100 mW cm light intensity, Jscs of the devices is rather low due
to the absence of PM6 donor in the active layer. The Jsc values are 1.874, 0.257,
0.285, 0.358 and 1.658 mA cm™ for Y7, ITIC-M, PC7BM, Y7:ITIC-M (1:0.1), and
Y7:PC70BM (1:0.1) based devices, respectively, suggesting that the charge transfer
occurs between either Y7 and ITIC-M or Y7 and PC7BM should be negligible in
blend films. According to the above analysis, the dynamic process between the
mixed acceptor alloys should be energy transfer from either ITIC-M or PC70BM to
Y7, which may provide an additional route for improving exciton utilization of
ternary OSCs. Figure 5.5¢ illustrates the working mechanism observed in
PM6:Y7:PC70BM ternary OSC, a similar working mechanism is also shown by
PM6:Y7:ITIC-M ternary OSC.

As demonstrated above that the extra addition of third components can
modify the photovoltaic parameters and blend morphologies, further investigation of
charge dynamics in the ternary devices, including charge separation, transport, and
collection is worth studied. First, the photocurrent density (J,») versus effective
voltage (V) measurement of the studied devices were performed to gain insight into
their exciton dissociation and charge collection. As shown in Figure 5.5d, J,;, for all
devices became saturated in the large effective voltage regime (Ve > 0.5V),
suggesting that under high applied field, nearly all the excitons could separate and
generated free carriers, and then collected by the contacts. The corresponding data is

summarized in Table 5.5, including the saturated current density (Jsur), maximum
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Figure 5.5 (a) PL spectra of Y7-based devices excited at 600 nm and (b) the J-V curves of
acceptor-only devices illuminated under AM 1.5G condition; (c) Energy levels diagram
illustrating a ternary working mechanism in our study; (d) Jon—Vesr curves, (e) Voc and (f) Jsc
versus light intensity characteristics based on optimized binary and ternary OSCs.



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR

CELLS FOR VERSATILE APPLICATIONS
Alfonsina Abat Amelenan Torimtubun

1.0

0.8 1

0.6

0.4-

0.2

Normalized intensity (a.u.)

0.0l

——— |TIC-M PL
—PC,,BM PL".""._
== Y7 abs

ao®®

650

700

Wavelength (nm)

750

800

850 900

Figure 5.6 Absorption spectrum of Y7 film and emission spectra of ITIC-M and PC7,)BM

films.

Table 5.5 Calculated parameters obtained from Jyn-Vesr curves.

Blend system Jsar Jsc Jupp Guax Ndiss Heoll Puiss Peon

(mA cm?) (mA cm?) (mAcm?) (m3st) (%) (%)
Binary 30.97 28.83 23.01 1.93x10%  93.08 74.28 1.80x10%0 1.44x10%°
PM6:Y7
Ternary 31.85 30.05 23.95 1.99x10% 9436 75.19 1.88x10%° 1.49x10%
PM6:YT7:ITIC-M
Ternary 32.71 31.01 25.00 2.04x10% 94.81 76.42 1.94x10%° 1.56x10%°
PM6:Y7:PC70BM
Binary 17.01 16.06 12.10 1.06x10% 9438 71.13 1.00x10%° 7.55x10%
PM6:ITIC-M
Binary 14.33 14.08 11.70 8.95x10%7 9825 81.61 8.79x10% 7.30x10%
PM6:PC70BM

amounts of absorbed photons (Gmax), exciton dissociation (ndiss), charge collection

efficiency (neon), dissociation and collection probabilities (Paiss and Peoi) values.

Binary PM6:PC70BM OSCs show the lowest Gmax value of 8.95x1028 m™ s,

consistent with its lowest value of Jsc. Higher values of Gmax implied excellent light

harvesting in the devices, which corresponding to more efficient exciton generation.
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The ndiss and neon values as well as Puiss and Peon for both PC70BM- and ITIC-M-
based ternary devices are higher than those of binary host PM6:Y7 OSCs, indicating
that the incorporated PC70BM or ITIC-M has a positive effect on the exciton
dissociation and charge collection processes, which could be finely associated to the

increased of Jsc and FF values in the optimized ternary OSCs.

To investigate the influence of incorporating ITIC-M/PC70BM on the electron
transport properties of the devices, the electron-only devices with a structure of
ITO/ZnO/active layer/PDINO/Ag were fabricated. The electron (ue) mobilities were
carefully evaluated by a space-charge-limited-current (SCLC) method following the
Mott-Gurney model.>>>*3¢ Both ternary blend films of PM6:Y7:ITIC-M and
PM6:Y7:PC7BM show higher p. values of 3.91x10* and 3.67x10* cm?Vls’!,
respectively than those of binary host device (3.04 x10* cm?V-!s™), as depicted in
Figure 5.7a. Moreover, as the ITIC-M or PC70BM increase, the p. values decrease,
giving the PM6:ITIC-M and PM6:PC70BM binary blends the p. values of 6.62 x10°
> and 4.21 x10* 'em?V-!s7!, respectively. The enhanced electron mobility of the
ternary blend should facilitate charge transport and suppress charge recombination,
which contributes to the higher FF among all the devices in this work. Furthermore,

we investigated the trap density (Niap) of the different binary and ternary blend films

using the following equation 5.2:
2
Vrp, =—_—— (5.2)

where, VtrL is the trap-filled limit voltage evaluated from SCLC measurements as
illustrated in Figure 5.7b, in which ¢ is the elementary charge, L is the thickness of
active blend layer ¢, is the dielectric constant of the blend film, and ¢ is the vacuum
permittivity. It is worth mentioning that the values of the Vtrr were diminished for
the ternary devices, as listed in the inset of Figure 5.7b. Moreover, it was interesting
to obtain that the ternary devices showed remarkable lower Niap values of 2.13 x101

and 1.94 x10" c¢cm™ for the PM6:Y7:ITIC-M and PM6:Y7:PC7BM devices. On the
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other hand, PM6:Y7, PM6:ITIC-M and PM6:PC70BM binary devices demonstrated
higher Nup values of 6.20 x10'5, 1.74 x10'® and 3.10 x10" cm?, respectively.
Accordingly, this exhibited behavior indicates that the ternary blend passivated the
trap states, providing enhanced path for effectively charge carrier transfer and
collection by suppressing the defect density and the recombination mechanisms

explains their superior Pdiss, Gmax, Jsc along with their champion PCE more than the

binary ones.

(a)

Current density (A m'z)

(b)

Current density (A m'z)

Figure 5.7 The log-log plot of dark J-V curves of the electron only devices with (a) electron
mobilities and (b) VrrL values of the optimized binary and ternary OSCs.
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To investigate the charge recombination mechanism in the binary and ternary
OSCs, the dependence of Voc and Jsc on the various light intensities (Piign/) Were
measured according to the corresponding J-V characteristics (see Figure 5.5e,f and
Table 5.6). The degree of trap-assisted recombination in the binary and ternary OSCs
can be estimated by the variation of Voc as a function of Py described by the
relationship Voc & (S2kT/q) In(Piignt) < (nkT/q) In(Jsc), where n stands for the
recombination ideality factor of the diode (n = S2/S1), k is the Boltzmann constant,
T is the cell temperature in Kelvin, and ¢ is the elementary charge. Generally, the n
values close to 2 reflects the presence of the traps across the active layer and/or at
the BHJ/electrode interface, which leads trap-assisted recombination as the major
recombination in OSCs.!”> As shown in Figure Se and Table S5, the calculated n
values are 1.280, 1.267, and 1.303 for PM6:Y7, PM6:Y7:1TIC-M, and PM6:1TIC-M
devices, respectively, which indicates that the trap-assisted recombination can be
restrained in the ternary devices by the addition of ITIC-M. Showing similar
tendency, n values of PM6:Y7:PC70BM and PM6:PC70BM are 1.160 and 1.294,
respectively, implying that adding PC70BM can make trap-assisted recombination
less dominant. In addition, the relationship between Jsc and Piign: can be expressed
by the power law, Jsc o Piighe"', in which S is the exponential factor referring to
bimolecular recombination. Bimolecular recombination can be negligible when S/
value is close to unity. As shown in Figure 5f and Table S5, the fitting S7 values are
0.778, 0.808, 0.830, 0.933, 0.998 for PM6:Y7, PM6:Y7:ITIC-M, PM6:Y7:PC70BM,
PM6:ITIC-M, and PM6:PC70BM, respectively. A stronger deviation of S/ from 1 for
Y7-based devices indicates that the photo-current generation for these devices is
limited by bimolecular recombination process. It is worth to note that S/ values were
closer to unity by the addition of ITIC-M or PC70BM as third components, indicating
that the guest acceptor components can effectively suppress bimolecular
recombination, which is consistent with the improvement of FF of the ternary

devices.
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Table 5.6 The diode recombination ideality factor of the binary and ternary devices fitted
from the variation of Jsc and Voc in a function of light intensities.

Blend system S1 S2 nig = S2/S1
Binary PM6:Y7 0.778 1.041 1.338
Ternary PM6:Y7:1TIC-M 0.808 1.043 1.268
Ternary PM6:Y7:PC70BM 0.830 1.066 1.284
Binary PM6:1TIC-M 0.933 1.316 1411
Binary PM6:PC7BM 0.998 1.291 1.372

To further evaluate the charge recombination dynamics and extraction across
the binary and ternary blends in devices, charge extraction (CE), transient
photovoltage (TPV), transient photocurrent (TPC) and differential capacitance (DC,
combination of TPV/TPC) measurements were performed. DC method is considered
as an alternative to charge extraction (CE) techniques.”®*"2%° In brief, the TPC
technique measured in the short-circuit condition evaluates the charge present at the
solar cell and the TPV in the open-circuit condition examines the charge
recombination decay under different light biases.”® Detail of the experimental
description can be found in the Supporting Information. Figure 5.8a shows the
charges present under illumination at different open circuit voltages for the PM6:Y7
host binary and PM6:Y7:ITIC-M and PM6:Y7:PC70BM ternary systems. The

charges measured in the solar cell were obtained by measuring the capacitance at

different light biases: C(Voc) = %. And finally, the integration of this capacitance

gives us an estimation of the charges stored in the cell: Q (Voc) = | OVOC C(Voc)dVoc.

The obtained curve is mainly formed by two different regimes, first a constant part,
attributed to the geometrical capacitance (Cgeo) and the chemical capacitance (the
exponential part) attributed to the charges accumulated at the bulk. Therefore, in
order to avoid an incorrect interpretation of the results, the linear part can be fitted

and removed from the data, resulting in the solid lines at the bottom. The resulting
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solid lines show that the charges in the bulk are higher for the ternary systems and
so, following the same trend with the corresponding device photocurrent. We can
also observe that the slightly shift of voltage at 1 sun conditions agree well with the
Voc values obtained for these devices (see Table 5.7). Next, in Figure 5.8b and 5.8c
we analyse the ideality factors for the binary and ternary system by using TPC and
1,252.260261 (o

TPV measurements. As in previous works reported in more detai

ideality factor (niq) can be also obtained by using the following expressions:

n =ngy X exp (%) (5.3)
14
Tan = Tang X €XP (Z,Z;) (5.4)

and where the parameters y and B obtained from the Figures 6b and 6¢ are defined

asy = _ and p = ﬁ respectively. Finally, the nis can be calculated by using

npkT T’

the equation n;; = n;* + n7t. Table 5.7 shows all the parameters obtained through
TPC/TPV and the comparison with the ideality factors obtained with the J-V
characteristics. Although two different techniques were employed, the ni¢ values
from J-V characteristics and from TPC/TPV techniques are found to be identical for
our solar cells. The identical ideality factor values has been reported in our previous
work and other authors with respect to the steady-state values.?>?%22%% As a result,
the good agreement of steady state and transient techniques demonstrates the validity
of the Shockley model to studying the recombination and diode behavior for ternary
organic solar cells. In addition, the recombination kinetics were evaluated by plotting
the small perturbation lifetime —obtained by TPV— as a function of charge density
—obtained by DC— as shown in Figure 5.8d. Clearly, for the same number of charges,
the binary system presents faster recombination in comparison to the ternary
systems. These results imply that the third component can contribute to more

effective extraction of charges and a retardation in charge recombination losses,
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which also implies higher Jsc, Voc, FF and thus improving the overall cell

performance.?64-26
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Figure 5.8 (a) Charge density as a function of Voc for the binary and ternary systems; (b)
Charge (n) versus voltage with the n, fitting (y). (¢) Small perturbation lifetime versus
voltage with the n. fitting (B). (d) Small perturbation lifetime plot as a function of charge
density without the geometrical capacitance.

Table 5.7 Summary of the ideality factors obtained by TPC/TPV techniques and J-V

characteristics.
Blend Ry Ry nia (TPC/TPV)  pig (J-7)
Binary PM6:Y7 9.76 1.54 1.34 1.34
Ternary PM6:Y7:1TIC-M 8.12 1.78 1.26 1.27

Ternary PM6:Y7:PC7,0BM 13.39 1.43 1.29 1.28
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To gain deeper insight into the process involved by incorporating
PC70BM/ITIC-M as third component in ternary blend devices, impedance
spectroscopy (IS) was employed to measure the capacitance-frequency (Cf) and
capacitance-voltage (C-V) characteristics of solar cells. In order to extract charge
carrier accumulation and/or interfacial charge transfer information, the IS
measurement should be carried out under open-circuit condition and equivalent
circuits are often modelled to fit the experimental data.'®>!’® Figure 5.9a and 5.9b
shows the Cole-Cole plots for binary host, ITIC-M- and PC70BM-ternary solar cells
measured at open-circuit bias voltage under constant illumination of 1 Sun with
frequency ranging from 5 kHz to 10 MHz. A typical arc behavior with one semicircle
is observed for all samples, indicating the presence of different RC components in
the spectra. Arredondo et al. proposed that the low frequency arc is ascribed to the
charge accumulation that cannot be extracted by the device contacts.?®” The smaller
arc radius and lower impedance at low frequency observed for both ITIC-M- and
PC70BM-based ternary devices suggest that ternary strategy could suppress the
charge accumulation impact that could be originated from surface morphology
disorder of the blend?*®. These results are coherent with the lower RMS and low
leakage current and as a sequence, better device performance of both ternary devices
compares to those of binary ones. Similar behavior was obtained for the binary host
and ternary devices at maximum power point voltage (Vwmpp) and short circuit current

voltage (V = 0V) bias, as shown in Figure 5.10.

To understand in which layer the accumulation is taking place, an equivalent
circuit model comprising one series resistance (Rs) connected in series with three
resistor/capacitor components (3RC) with Debye model was employed to fit the
experimental Z'-Z"" data (see inset Figure 5.9a). The solid lines are the fitting curves
and the fitted parameters of the 3RC+Debye equivalent circuit are listed in Table
5.8. Rs represents the series resistance from the metallic wires and the ohmic

components such as ITO layer or Ag electrodes®® and L is the added inductor to
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Figure 5.9 (a) Cole-Cole plot of binary host and ternary OSCs and (b) Cole-Cole plot of
binary OSCs; (¢) Mott-Schottky curve of at 1 MHz under dark condition; and (d) density of
states (DOS) plot as a function of | ks TInw | at Voc under AM 1.5G illumination for binary
and ternary OSCs.

Table 5.8 The fitted parameters of binary and ternary devices according to the impedance
spectroscopy at open-circuit voltage bias.

Blend system Rs C, R C; R: C; R; Rowr T
@ @F) © @) @ @WF) © ) (@

Binary 9.8 5.8 1.7 2.8 1.8 266 168 30.1 0.45

PM6:Y7

Ternary 9.8 5.8 1.6 2.8 1.6 266 15 28 0.40

PM6:Y7:ITIC-M

Ternary 9.8 5.8 1.4 2.8 1 266 145 267 0.39

PM6:Y7:PC;0BM

Binary 9.8 5.8 55 33 2 26.6 29 958 0.32

PM6:ITIC-M

Binary 9.8 5.8 35 33 1 26.6 18 63.8 0.20

PM6:PC7,BM
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Figure 5.10 Cole-Cole plots of binary host and ternary devices at (a) open-circuit, (b)
maximum power-point, and (c) short-circuit voltage bias.
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Table 5.9 Dielectric constant, thickness, and calculated capacitance for each layer.

Layers €ayer®  dyer (nm)  Capacitance (nF)
PEDOT:PSS 2.2 30 5.84
Bulk 3.5 100 2.79
PDINO 5.0 15 26.56

*The relative dielectric constant values for each layer were obtained from the literature.”

eliminate the impact of the connecting line during high-frequency scanning.”*"* A

distributed resistor (R) in 3RC elements represents the resistance of electron
transport in each layer where R, R2, and R3 refers to PEDOT:PSS, blend active layer,
and the PDINO layer, respectively. It is important to note that the capacitance (C)
corresponds to the geometrical capacitance calculated from each layer, which can be

€o

Asr‘ Notably, an extra impeded R4 and C4 in series that attached

expressed by C; =

in parallel with R1 and Cl1 is following the Debye model to explain the effect of the
effect of third component introduction in ternary blends. As shown in Table S5, the
values of C;, Cy, and C3 are constant for all devices, coherent with the theoretical
values shown in Table 5.9. This might implied that at Voc, the impedance response
was controlled by the geometrical capacitances provided by the metal insulator-metal
(MIM) model portraying the presence of fully depleted layers.?’”! Compared to R;
and R values, the R3 values of binary host and ternary devices are one-fold higher
and contribute more to the total resistance (Rotal) of the corresponding devices, as
depicted in Figure 5.11. It suggests that the electrical properties of Y7-based binary
and ternary devices was mainly controlled by the charge accumulation at the cathode
interface (active layer/PDINO). In contrast, the total contribution of Ryl originates
from the contribution of R> values in binary ITIC-M and binary PC70BM are more
pronounced by higher amount third component introduced to the system, which
means that the charges cannot be easily extracted due to the higher guest components
content in the active layers. This trend of the resistance obtained for the devices was

confirmed by the Bode plot curves in Figure 5.12. It is interesting to find that the
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R1, Rz, R3 and thus Ryl values for ITIC-M- or PC70BM-ternary devices are smaller
than the binary devices, which can well explain the simultaneously increased Jsc and
FF in the optimized ternary devices that agree well with J-V characteristic, EQE, PL,

surface analysis and TPV measurements.

I POINO Il Blend [ PEDOT:PSS R,

Rlayerl Riotal (%)

0.24

0.0

T T T T T
PM6:Y7  TerITIC-M Ter PCBM PMS6:ITIC-M PM6:PCBM

Figure 5.11 The percentage contribution of each layer resistance to the total resistance of
binary and ternary devices.
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e
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Figure 5.12 Bode plots of binary host and ternary devices with experimental (symbols) and

fitted (lines) values for the real part (left axis) and the imaginary part (right axis) at Voc
condition.
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In addition, impedance spectroscopy can be applied to investigate the effect
of third component addition on the energetic disorder of transport site in ternary
blends by C-V analysis. Figure 5.9¢ shows the Mott-Schottky plots for binary host,
ITIC-M-based, and PC7;0BM-based ternary OSCs from which the built-in potential
(V5 can be extracted by the intercept of the curve with x-axis. The calculated V;
from the C-V analysis were recorded in the dark at frequency of 1 MHz. The obtained
Vi values were 0.865 V, 0.915 V, and 0.885 V for binary host, ITIC-M ternary and
PC70BM ternary OSCs, respectively. It is observed that V3, values increase after the
addition of the third component. The increasing V5; values is also observed in binary
ITIC-M and binary PC70BM OSCs, as shown in Figure 5.13. With the larger V5, a
wider depletion region would be formed, resulting in improved separation of charge
carries and reduced bulk recombination.?’”? As a consequence, the influence of the

electric field in device with larger V5 yields to the higher Voc of both ternary devices.

1x10"
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14
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Figure 5.13 Bode plots of binary host and ternary devices with experimental (symbols) and
fitted (lines) values for the real part (left axis) and the imaginary part (right axis) at Voc
condition.
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The defects density can be evaluated from the capacitance-frequency (Cf)
measurement to calculate the trap density of state (DOS) at a given energy level, E.,
by the variation of the capacitance of the device with the frequency, as described by

equation 5.5:

Vpiw 0C

DOS(E“’) - _thkB 0w

(5.5)

where C is the measured capacitance, V}; is the built-in potential, w is the angular
frequency, ¢ is the layer thickness, kg is the Boltzmann constant, ¢ is the electron
charge and 7 is room temperature in Kelvin. The assumption in equation 3 is that the
variations in the capacitance of the devices with frequency is correlated to the
trapping and the charge release by shallow traps in the band gap near to the Fermi
energy level.#>?7 To observe the relation of the trap-DOS as an energy dependent,

the following equation 5.6 has been applied:

(Ea))traps = kg Tln

where f is the cross section and N is the effective density of state

2BN _

w

E, —kBTInw (5.6)

274 Assuming that

2pN is independent of the frequency value, the change in its value is related to the
shift in the DOS values on energy scale (Eo). Figure 5.9d displays the calculated
trap-DOS plotted as a function of energy for the fabricated devices. A single
exponential trap distribution for all samples is observed with almost the same slope
values, which defines the same trap activation energy and carrier response?®’.
Interestingly, after the introduction of either ITIC-M or PC70BM into the binary host
blend, a shift in Eo values was observed, showing a slight increase density of defects.
As explained by equation 5.6, the higher shift of Eo or higher DOS values could be
originated from the decrease in the SN value, indicating a higher obtained energy due
to the less-localized shallow trap sites created by adding a small amount of the
appropriate third components. In addition, Figure 5.14 is shown to further quantify
the energy shifting values of the corresponding ternary OSCs with respect to the
binary host according to equation 5.6. It is noticed that the PM6:Y7 binary OSC
exhibit higher trapping sites than those of ternary OSCs, confirming the higher per-
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Figure 5.14 Density of states (DOS) as a function of energy with the energy shifting between
(a) binary PM6:Y7 superimposed with ternary PM6:Y7:ITIC-M OSCs with the shifting
value X of 1.17, and (b) binary PM6:Y7 superimposed with PM6:Y7:PC7BM OSCs with
the X value of 1.08.
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formance of ternary OSCs due to the addition of ITIC-M or PC70BM that minimized
the present of defects inside the ternary devices. It is interesting that the less-
localized shallow trap sites in ternary blends is in highly accordance with the
calculated Urbach energy, as shown in Figure 5.15 and described by equation 5.7:
a(E) = ayeF~Ed/Eu (5.7)
where a(E) is the optical absorption coefficient, ao is the optical absorption
coefficient at the band edge, E is the photon energy, and Ey is the Urbach’s energy.
The Eu represents the DOS distribution, which explains the energetic disorder in the
molecular orbital. The calculated Eu were 27.99, 27.28, 25.81 meV, respectively for
PM6:Y7, PM6:Y7:ITIC-M, and PM6:Y7:PCP70BM based OSCs, indicating the
lower energetic disorder can be achieved by the introduction of higher lying LUMO

energy and morphology compatible of third components in the ternary devices.
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Figure 5.15 The Urbach’s energy plot of the binary and ternary devices.
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5.3 Conclusions

In summary, a series of OSCs were prepared with PM6 as host donor, Y7 as
host acceptor, and IT-M or PC70BM as guest acceptors. Despite the fact that the two
acceptor guests PC70BM and ITIC-M have completely different chemical structures,
their excellent miscibility and higher LUMO energy level in comparison to the host
acceptor Y7 results in a PCE boost of over 7% in the ternary devices. Compared to
the optimized PM6:Y7 binary OSCs with a PCE of 16.46%, the ITIC-M-based and
PC70BM-based ternary OSCs led to a high PCE of 17.73% and 17.67%, respectively,
with the same weight ratio of D1:A1:A2 = 1:1:0.1. By intensively investigating
charge transport, charge extraction and charge recombination properties in ternary
OSCs, we found that the ITIC-M or PC7;0BM guests exhibits an excellent
compatibility with the host acceptor Y7, such that well-mixed acceptor phase are
formed in the ternary blends. The higher LUMO levels of the third components helps
the ternary OSCs elevates the Voc by reducing energy-loss and reverse saturation
current, creating less-localized shallow trap sites along with suppressing charge
recombination and Urbach energy. Furthermore, photoluminescence and single
material device investigations demonstrate energy transfer between the two well-
mixed acceptors, contributing to the increased Jsc. The combination of these
improvements leads in a simultaneously enhanced Voc, Jsc and FF with respect to
those of binary host. Our findings demonstrates that a good compatibility between
the guest and host acceptors with suitable energy levels to achieve complementary
absorption are the keys to realizing synergistically modified nanomorphology and

photophysical processes toward high efficiency ternary organic solar cells.
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Chapter 6

Semitransparent nonfullerene-based ternary
organic solar cells
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This chapter is based on to be published work: Torimtubun, A.A.A. et al.
Enabling Efficient and Stable Semitransparent Ternary Organic Solar Cells
Using Y-series Nonfullerene Acceptors as Third Components, fo be published.
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6.1 Introduction to semitransparent organic solar cells

Semitransparent organic solar cells (ST-OSCs) have gained considerable
attention toward real applications in the field of photovoltaics due to their promising
features, such as transparency, solution-processed, low-cost, flexible and color
tunability, that could transform normal power-harvesting organic solar cell (OSC)
devices into value-added technologies, such as building-integrated photovoltaics,
automobile windows and agrivoltaics to generate electric power, as depicted in
Figure 6.1a.°22762%2 In comparison with inorganic photovoltaics with few
tunabilities on optical properties, ST-OSCs that consist of organic semiconductors
possesses inherently narrow absorption, which can be tailored to harvest the near-
infrared (NIR) region while transmitting photons in the visible region, enabling the
ST-OSCs to attain high average visible transmittance (AVT, from 370 nm to 740
nm) and a decent power conversion efficiency (PCE).?** Figure 6.1b shows the AM
1.5G solar emission spectrum and its energy proportion in different regions.
Typically, the main challenge toward practical applications of ST-OSCs in the niche
market is the trade-off between high PCE, high AVT, and stable device in operating
conditions. To date, the PCEs of ST-OSCs have arrived at 14% with AVT at around
20%.284285 However, depending on the applications, a high AVT exceeding 25% and
high stable device in operating conditions are required to meet the criteria for solar
windows.?®? Since the light absorption and transmittance appear to be contradict for
photovoltaic devices, the light utilization efficiency (LUE) defined as a product of
PCE and AVT has been proposed to objectively evaluate the performance of ST-
OSCs.?% Considering that an ideal ST-OSC should take full advantage of the
invisible photons to achieve high LUE, the efficient narrow bandgap materials offer
considerable potential for preparing high-performance ST-OSC with excellent
absorbing selectivity by sufficiently exploiting NIR light and transmitting the visible
ones. Thanks to the easily tailored molecular structures in organic semiconductors,

the recent emergence of high-performance Y-series nonfullerene acceptors (NFAs)
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Figure 6.1 (a) Potential applications of semitransparent OSCs; (b) Solar emission spectrum
and the energy fraction in the UV, visible, and infrared regions. The figures are reproduced
from Ref!"2",
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with narrow bandgap and absorption profiles lying within the NIR region allows for
the realization of the above-mentioned, which displays highly-tunable optoelectronic
characteristics and may reach a high exciton dissociation efficiency at a relatively
low voltage loss in devices.>®?872% According to the theoretical prediction, the ideal
bandgap of ST-OSCs deviates significantly from those of the best performance in
their opaque counterparts, thus making narrow to ultra-narrow bandgap photovoltaic

materials highly desirable towards high-performance ST-OSCs.28>-289-2%0

Aside from the benefits of narrow bandgap materials, device engineering with
a simple fabrication process such as ternary strategy has been demonstrated as an
effective method to further improve the PCE and AVT of ST-OSCs, especially by
employing an ultra-narrow bandgap material as third component.?*’2°1-2% For
example, Ma et al. introduced few amounts of ultra-narrow bandgap acceptor IEICO-
4F into PTB7-Th:COi8DFIC binary host system to develop semitransparent ternary
OSCs (ST-TOSCs) with PCE of 8.23% and AVT of 20.78%.2°” Moreover, Hu et al.
also employed IEICO-4F as ultra-narrow band gap third component to construct
PTB7-Th:BDTThIT-4F:IEICO-4F ST-TOSCs, which delivered PCE of 9.40% and
AVT of 24.60%.2%® Besides adjusting the photon harvesting of the active layers, the
third component can also play an important role in modulating the energetics and
manipulating the film morphology, as demonstrated by the work of Yin et al. 2** and
Liu et al.? in which they reported ST-TOSCs based on binary blends of D18-CI:Y6-
10 and PM6:Y 6 with the addition of ultra-narrow band gap Y6 and SN, giving PCEs
of 13.02% and 14.00% with similar AVTs of 20.20%, respectively. These results
show an important role of the third component in ST-TOSCs in balancing the trade-
off between PCE and AVT by elaborately selecting narrow or ultra-narrow bandgap
materials. However, despite such advantages, the operational stability that is the most
critical issue for the practical application of ST-OSCs is rarely studied in the

literature. In addition, to the best of our knowledge, there have been no articles that
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study comparatively the use of different narrow band gap materials as the third

components in ST-OSCs, especially for Y-series NFAs.

In this contribution, a series of opaque and semitransparent ternary OSCs were
fabricated with narrow bandgap donor PTB7-Th and ultra-narrow bandgap acceptor
IEICO-4F as host materials, while narrow to ultra-narrow bandgap Y-series NFA
materials, particularly Y1, Y5, Y6 and Y7 were employed as third components to
achieve good balance between PCE, AVT and operational stability of ST-OSCs. The
structural differences among Y-series NFAs lie in the electron-accepting ability of
central acceptor unit and the linear side chains at the thiophthene S-site of the fused
rings cores (Y1 versus Y5, Y6, Y7),30287:2% ag exhibited in Figure 6.1a. Moreover,
the structure difference in the end groups of 1,1-dicyanomethylene-3-indanone (IC)
for Y5 versus Y6 (fluorination) versus Y7 (chlorination) which provide tunable
absorption light for capturing more NIR region?%%-241:300.301
study for ST-OSCs application. When blended with PTB7-Th:IEICO-4F with the
PCE of 11.86%, the PCEs of 11.32%, 11.55%, 13.02%, and 12.32% were yielded

for opaque Y1, Y5, Y6, and Y7 based ternary OSCs. A series of ST-OSCs were

was also comparatively

prepared with 10 nm thickness of Ag as the electrode. The different photovoltaic
performance as well as the difference in AVT values were observed using different
Y-series NFA materials. The ST-TOSCs based on PTB7-Th:IEICO-4F:Y6 with a
modified Ag electrode thickness of 10 nm achieve the highest LUE of 2.35% as the
product of good PCE of 8.47% and high AVT of 27.77% among the other Y-series
incorporated ST-TOSCs. Moreover, Y6 based ST-TOSCs exhibited good thermal
and photostability under inert conditions. The presented results in this work imply
that ultra-narrow band gap engineering and ternary strategy by the molecular
modification for third component materials selection are one of the keys to balancing

the trade-off between PCE, AVT, and operational stability of ST-OSCs.
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6.2 Results and discussion

The energy levels of the used active layer materials are shown in Figure 6.2b.
The highest occupied molecular orbital (HOMO) levels values were obtained by UV
photoelectron spectroscopy (UPS) and the lowest unoccupied molecular orbital
(LUMO) levels values were acquired from inverse photoelectron spectroscopy
(IPES) were acquired from our previous work.’®> The cascaded energy levels
observed in Y1 added component may provide more potential pathways for charge
transfer in ternary active layer. Moreover, the almost identical LUMO energies of
Y6 and Y7 will deliver similar open-circuit voltage (Voc) to IEICO-4F, whereas the
shallower LUMO level of Y5 than IEICO-4F will be beneficial for raising the Voc.
Figure 6.2¢ exhibits the normalized UV-vis absorption spectra of the materials in
pure films. The absorption peaks of three Y-series NFAs lie between those of PTB7-
Th and IEICO-4F, indicating the good complementary absorption covering the range
from 300 to 1000 nm by third components. The gradually bathochromic shift of
absorption peaks and onset from Y1 to Y7 can be correlated with their molecular
geometry and aggregation properties, as the effect from the modification by
benzothiadiazole in the core acceptor unit and fluorination or chlorination
modification in end groups. The molecular modification causes additional
intermolecular charge transfer effect to redshift the absorbance, which is beneficial
for semitransparent applications to harvest more NIR light. Furthermore, the
absorption spectra of the blend films are shown in Figure 6.3. Absorption peaks at
716 and 876 nm are observed in the binary films of PTB7-Th:Y6 and PTB7-
Th:IEICO-4F, respectively, indicating that adding Y-series NFAs as third

components can compensate the absorption for the host system.
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Figure 6.2 (a) Molecular structures, (b) energy level diagram, and (c) normalized absorption
spectra of neat films of the used active layer materials.
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Figure 6.3 Absorption spectra of blend films. The blue area is the UV light region, the
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In order to evaluate the photovoltaic performance of the binary and ternary
blend systems, a series of opaque OSCs based on PTB7-Th:IEICO-4F with different
Y-series NFAs (primarily Y1, Y5, Y6 and Y7) contents were fabricated with a
conventional device architecture of ITO/PEDOT:PSS/active layer/PDINO/Ag, the
thickness of the Ag layer was 100 nm. The total weight ratio of the donor (D) and
acceptor (A) was fixed at 1:1.5, while the acceptor ratio between Y-series NFAs third
components and IEICO-4F was varied to determine the optimal composition. All the
active layers with a thickness of ~ 100 nm delivered the best device performance
when they were spin-coated from their chlorobenzene solutions. The detailed
fabrication and characterization of OSCs are described in the Supporting
Information. Figure 6.4a depicts the current density-voltage (J-V) characteristics of
binary and ternary opaque OSCs under simulated AM 1.5G solar irradiance with an
intensity of 100 mW cm’!, and Table 6.1 summarizes the key photovoltaic
performance parameters of the corresponding devices. At the same time, the
photovoltaic parameters and its corresponding J-V curves of the binary OSCs based
on PTB7-Th:Y6 and PTB7-Th:Y7 are provided in Table 6.2 and Figure 6.5,
respectively. The average power conversion efficiency (PCE) values are obtained
from at least 20 individual cells from different fabrication batches, representing a
good reproducibility of the ternary OSCs. The optimized binary OSCs based on
PTB7-Th:IEICO-4F exhibited a PCE of 11.62% with a Voc 0f 0.70 V, a short-circuit
current (Jsc) of 25.16 mA cm, and a fill factor (FF) of 66.39%, which is comparable
to the results in the literature. Note that the PTB7-Th:IEICO-4F devices performed
higher than PTB7-Th:Y6 and PTB7-Th:Y7 devices with PCEs of 9.84% and 2.70%,
respectively, therefore IEICO-4F is selected as the host acceptor in the ternary
devices. With a small fraction of Y6 added, the ternary device shows an improved
PCE as high as 13.02%, with the concurrent increase in Jsc of 27.30 mA c¢cm™ and
FF of 67.46% compared with the PTB7-Th:IEICO-4F binary host device. Besides,
loading Y7 into PTB7-Th:IEICO-4F blend can also obtain similar effects as Y6 with
an enhancement in Jsc of 25.97 mA cm™ and FF of 67.89%, thus the PCE of the
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ternary Y7 based devices increased to 12.40%. It is highlighted that the Jsc and FF
of the optimized ternary OSCs are much larger than those of three binary OSCs,
indicating that end group modification strategy in Y6 and Y7 third components can
simultaneously improve the photon harvesting and charge transport in the ternary
active layers. In contrast to the Y6 and Y7 based ternary devices, the decreasing Jsc
and FF with respect to those of PTB7-Th:IEICO-4F binary cell was observed in Y1
and Y5 added ternary OSCs, which eventually resulted in a slightly dropped PCEs
of 11.32% and 11.55%, respectively. It is interesting to note that the Voc value in Y5
ternary device is slightly increase to 10 meV and the similar Voc values in Y1, Y6,

and Y7 ternary devices as compared to binary devices, which verified our hypothesis.
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Figure 6.4 Current density-voltage (J-V) curves measured under (a) AM 1.5G illumination
and (b) in dark conditions; (¢) EQE curves of the corresponding OSCs, and (d) the AEQE
values of ternary OSCs concerning the binary host device.
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Table 6.1 Photovoltaic performance parameters of optimized opaque OSCs measured under
AM 1.5G with 100 mW c¢m? intensity and AVT (370-740 nm) of corresponding blend films.

VYoc Jsc FF PCE® AVT of
Blend Vv mA cm-z 9% o blend films
M ( ) (%) (%) %)
Binary 0.70 25.16 66.39 11.62 52.33
PTB7-Th:IEICO-4F (11.41£0.22)
Ternary 0.70 24.13 65.95 11.32 46.51
PTB7-Th:IEICO-4F:Y1 (11.19£0.12)
Ternary 0.71 24.57 66.09 11.55 47.88
PTB7-Th:IEICO-4F:Y5 (11.27+£0.14)
Ternary 0.70 27.30 67.46 13.02 52.83
PTB7-Th:IEICO-4F:Y6 (12.39 £ 0.46)
Ternary 0.70 25.97 67.89 12.40 51.68
PTB7-Th:IEICO-4F:Y7 (11.98 £ 0.36)

@ The values in parentheses are the average and standard deviation values calculated from
over 10 individual cells prepared from different batches.

Figure 6.4b shows the dark J-V characteristics of the corresponding opaque
devices, which the information regarding shunt resistance (Rsn) and series resistance
(Rs) can be extracted and listed in Table 6.3. The drift of charge carriers is defined
by Rsh at reverse voltage bias without illumination (¥ < 0V) which is associated with
the current loss such as leakage current. The ideal Rsn should be very high, resulting
in zero current flows through Rsin and no leakage current in the device. It is apparent
that Rsn values increased with the addition of Y6 and Y7 but then decreased with the
incorporation of Y1 and Y5 with respect to those of binary host device. The trend
Rsn with the addition of Y-NFAs in PTB7-Th:IEICO-4F blend implies that
introducing the red-shifted third components can reduce leakage current and charge
carrier recombination in the ternary devices. At higher voltages (V> 1V), the charges
begin to accumulate and are restricted by Rs, which is derived from the interfacial
and bulk resistance of the active layer and electrodes. The lower Rs values of Y6 and

Y7 ternary OSCs in comparison with the binary host, Y1 and Y5 ternary OSCs
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indicates fewer defects at the Y6 and Y7 ternary blends and/or at the interfaces within
the corresponding devices, which should be beneficial for an efficient charge carrier
collection and better charge carrier mobility.?***? The opaque OSCs display higher
FF with PTB7-Th:IEICO-4F:Y6 and PTB7-Th:IEICO-4F:Y7 blends, which can be

well supported by the minimal Rs and maximal Rsh.
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Figure 6.5 The J-V curves of the PTB7-Th based binary devices with different nonfullerene
acceptor materials.

Table 6.2 Device performance parameters of binary PTB7-Th:IEICO-4F, PTB7-Th:Y6,
and PTB7-Th:Y7 based OSCs, measured under AM 1.5G irradiation (100 mW cm?). The
values in parentheses are the average and standard deviation values calculated from over
10 individual cells prepared from different batches.

Voc Jsc FF PCE AVT of
Blend (V) (mAcm?) (%) (%) zl]f:;i(%)
PTB7-Th:IEICO-4F 0.70 25.16 66.39 11.62(11.41+0.22) 52.34
PTB7-Th:Y6 0.63 2444 64.35 9.84(8.92+0.72) 47.26

PTB7-Th:Y7 0.50 12.36 43.83  2.70 (2.55+0.08) N/A
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We speculate that the improved Jsc of the Y6 and Y7 ternary devices is
ascribed to the fact that the narrower bandgap of Y6 and Y7, allows more NIR light
to be better utilized. The external quantum efficiency (EQE) spectra of opaque OSCs
were measured to validate this, and the results are displayed in Figure 6.4c. The
onset of EQE spectra of Y1 and Y5 ternary devices is 956 nm, while those of binary
host, Y6 or Y7 ternary devices are 20 nm red-shifted to 976 nm, which is inconsistent
with the absorption spectra. In detail, ternary Y6 and Y7 have higher EQE responses
within 480 — 860 nm with maximum EQE values of 74.9% and 73.5%, higher than
those of 72.9%, 71.3%, and 71.5% for binary host, Y1 and Y5 ternary devices,
respectively, proving that more photons can be transformed to photocurrent
especially in the NIR region, which is quite beneficial for ST-OSCs. As shown in
Figure 6.4d by taking AEQE (EQE ternary — EQE binary) into consideration, the
positive AEQE values observed in Y6 or Y7 ternary devices suggest good light-to-
photon conversion capabilities of Y6 or Y7 as third components in the PTB7-
Th:IEICO-4F blend in the long wavelength range of 300—1000 nm, particularly for
Y6 added blend with AEQE values arrive to ~4% at 940 nm. This result implies that
the better light-harvesting involving excitons generated in the acceptor phase is
boosted in the ternary cell by an appropriate molecular structure modification of third

components, which accounts for the higher Jsc.

Table 6.3 Extracted values of series resistances, shunt resistances, and leakage currents from
dark J-V curves of the corresponding devices.

Blend system Rs Rsn Jieakage at -0.5V
(Q cm?) (Q cm?) (mA cm?)
PTB7-Th:IEICO-4F 1.52 1.11x10* 0.05
PTB7-Th:IEICO-4F:Y1 2.07 6.39x10° 0.11
PTB7-Th:IEICO-4F:Y5 2.02 8.46x10° 0.06
PTB7-Th:IEICO-4F:Y6 1.28 2.48x10% 0.03

PTB7-Th:IEICO-4F:Y7 1.39 4.53x10* 0.19
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To deepen further insight into the effect of Y-NFAs addition on phase
separation of ternary blends and the modified photovoltaic characteristics in the
ternary devices, the morphology of blended films was characterized by using atomic
force microscopy (AFM) and transmission electron microscopy (TEM)
measurements. The topographic and phase AFM and TEM images are displayed in
Figure 6.6. In the height images of AFM as shown in Figure 6.6a, the blend films
of the PTB7-Th:IEICO-4F, ternary Y1, ternary Y5, ternary Y6, and ternary Y7
exhibit the root-mean-square (RMS) surface roughness of 4.95 nm, 5.57 nm, 4.83
nm, 1.87 nm, and 1.52 nm, respectively. The rougher surface of ternary Y1 or ternary
Y5 is undesirable for charge collection by the electrodes, which well-explained the
higher Rs values and the lower FF values with respect to the binary host blend. On
the other hand, the smaller RMS roughness values of Y6 or Y7 ternary blend films
indicate the homogeneous morphology of the optimized ternary blend films, which
should be beneficial to optimize phase separation degree of blend films by the
addition of Y6 or Y7. The AFM phase images of blend films (Figure 6.6b) exhibit
the well-developed nanofibrous-like structure and relatively small phase separation
degree or domain size in the Y6 and Y7 ternary blend films. No featured regions
observed in TEM images of ternary Y6 or Y7 blend films (Figure 6.6¢) further
confirm the homogeneous morphology distribution with small domain size of the
optimized ternary blend films. Notably, the relatively large dark and bright regions
observed from TEM image of PTB7-Th:IEICO-4F:Y1 blend films may be harmful
for exciton dissociation in the active layers. These results suggest that the judicious
selection of ultra-narrow bandgap third component may form sufficient
donor/acceptor interfaces for efficient exciton dissociation, bi-continuous charge

transport networks, and charge collection,??7-393-304
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Figure 6.6 AFM (a) topographic and (b) phase images and (c) TEM images of binary and
ternary blend films.

To confirm the small domain size and good compatibility of ternary system
from the materials perspective, contact angle measurements of neat and binary host
blend films were performed based on liquid drops of water, ethylene glycol (EG),
and diiodomethane (DM), as exhibited in Figure 6.7. The surface tension of the
materials and the interactions between them that are relevant for phase separation
and morphology can be observed from contact angle measurement. The surface
tension (y) values of the materials and the corresponding interaction parameters (y)
are listed in Table 6.4. The surface tensions for pure films of PTB7-Th, IEICO-4F,
Y1,Y5,Y6,and Y7 as well as PTB7-Th:IEICO-4F blend films are 32.0, 39.9, 49.7,
42.4, 36.4, 36.0, and 31.4 mN m, respectively. Accordingly, the interaction
parameters () between each pair of materials were acquired through the Flory —
Huggins model and the results show that the interaction parameter between PTB7-
Th:IEICO-4F blend film with the addition of Y6 or Y7 is low, indicating remarkable
miscibility between them, which is consistent with the results of the phase separation

from morphology characterizations.
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Figure 6.7 The water, ethylene glycol, and diiodo-methane droplet contact angle images of
PTB7-Th, IEICO-4F, Y1, Y5, Y6, and Y7 neat films. The values of the images are the
average contact angle from at least three tests of different part in the same film.
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Table 6.4 Contact angles, surface tension (y), and interaction parameters (y)®.

0 0 0 ith ith ith
i water EG DM g AW yALL XW
Materials ©) ©) ©) (mNm') D1 Al D1:A1
PTB7-Th 100.3 745 494 32.0 - 0.431 -
IEICO-4F 93.4 67.7 37.8 399 0.431 - -

PTB7-Th:IEICO-4F 1022 524 77.1 314 - - -

Y1 153.5 71.1 367 49.7 1.935 0540  2.096
Y5 1043 618 348 424 0.719 0.037  0.818
Y6 95.0 79.6 451 364 0.141  0.079  0.187
Y7 107.7 745 47.1 36.0 0.116  0.099  0.158

@The Flory-Huggins interaction parameter based on the surface tension data formula
between the donor (D) and the acceptor (A) calculated using y = (y/yD — /YA)~

To gain insight into the exciton dissociation and charge collection in binary
and ternary devices, we calculated the exciton dissociation efficiency (74is) and the
charge collection efficiency (7¢01) based on the relationship between the photocurrent
density (Jpn) and the effective voltage (Vefr), as shown in Figure 6.8a. Jph is defined
as JL.—Jp, where Ji and Jp are photocurrent density measured under illumination and
dark conditions, respectively. The Vesris given by Vo—Vbias, in which VY is the voltage
when JL = Jp and Veias 1S the applied voltage. In the large effective voltage regime
(Vetr > 0.5 V), Jon became saturated, suggesting that all the excitons could separate
and generate free carriers, and then be collected by electrodes under the assistance
of applied field. The #4is and 7c01 can be acquired from the ratio of Jyn/Jsar under short-
circuit and maximal power point conditions, respectively, where Jsat 1s the saturation
photocurrent density. The #4is values are calculated to be 92.9%, 91.7%, 92.5%,
95.8%, and 93.5% for the binary, Y1, Y5, Y6, and Y7-based devices, respectively.
The 7c01 values follow the same trend as #4is values, implying that more effective

exciton dissociation and charge extraction efficiency in Y6 and Y7 based ternary
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devices among the other two ternary and binary host devices, which support the trend

of Jsc and FF of the corresponding OSCs.

Apart from exciton dissociation and charge collection, to investigate the
charge recombination mechanism within ternary OSCs, the J-V curves under
different illumination intensities (Plgnt) of the binary and ternary devices were
measured. The bimolecular recombination can be described by the relationship

between Jsc and Piighe With a power-law formula of Jgc o Py, in which slope a is

the exponential factor related to bimolecular recombination degree.!”>3% As depicted
in Figure 6.8b, the fitting o values were 0.898, 0.878, 0.912, 0.943, and 0.940 for
binary, Y1, Y5, Y6, and Y7 added ternary OSCs, respectively. After adding Y6 or
Y7 into PTB7-Th:IEICO-4F, the a values were closer to unity, indicating that the
addition of Y6 or Y7 can effectively suppress bimolecular recombination, which is
consistent with the improvement in Jsc and FF of the corresponding OSCs. In
addition, the degree of trap-assisted recombination in the binary and ternary devices
can be evaluated by plotting the curve of Voc versus logarithm of Piighe. The
relationship between Voc and Piighe mechanism can be described as Vo & In Py gp;.
In general, a slope of kT/q is expected for a device dominated by bimolecular
recombination (where & is Boltzmann constant, T is temperature, and ¢ is the
elementary charge), whereas a device dominated by trap-assisted recombination has
a slope of 2 kT/q.*** As depicted in Figure 6.8¢c, the PTB7-Th:IEICO-4F:Y6 or the
PTB7-Th:IEICO-4F:Y7-based ternary devices show the fitted slopes of 1.18 £T/gq,
which is smaller than that of the binary device (1.25 £T/q) and ternary devices based
on PTB7-Th:IEICO-4F:Y1 (1.60 £T/q) or the PTB7-Th:IEICO-4F:Y5 (1.36 kT/q),
indicating weakened trap-assisted charge recombination in the Y6 or Y7 ternary
OSCs. Simultaneously suppressed bimolecular and trap-assisted charge
recombination can be obtained by the addition of the red-shifted Y6 or Y7 added

ternary OSCs, which can well explain the Jsc and FF improvement.
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Figure 6.8 (a) Jon—Veir curves of the optimized binary and ternary OSCs; (b) Voc and (¢) Jsc
versus light intensity characteristics; (d) J-V curves of acceptor-only devices illuminated
under AM 1.5G condition; (e) photoluminescence spectra of PTB7-Th neat film and the
corresponding ternary blends; and (f) working mechanism in ternary PTB7-Th:IEICO-

4F:Y6 blend.
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The recombination of OSCs is also influenced by an energetic disorder of
photoactive layer. An Urbach tail energy model is leveraged to quantify the degree
of energetic disorder, in which generally disordered organic semiconductors tend to
absorb the light at photon energies below the bandgap (sub-bandgap absorption).
From this region, we could calculate the Urbach energy from the tail states of EQE
spectra, as shown in Figure 6.9 and described by equation 5.7. Since the Evy is
determined by the width of the localized tail state on the edge of the optical band
gap, the smaller Eu represents a smaller degree of energy disorder in the molecular
orbital and sharpened band edge with reduced tail states.!***! The calculated Eu was
26.67, 31.08, 30.92, 26.08, and 26.72 meV, respectively for host binary device and
ternary devices based on Y1, Y5, Y6, and Y7, respectively. Relative to the host
binary device and the other Y-NFAs ternary devices, the lower Urbach energy of Y6
based ternary device can be attributed to the lower degree of charge recombination
in ternary cells and better molecular orientation in the ternary blends.[*?! This result
implies that the lower energetic disorder can be achieved by introducing an

appropriate third component in the ternary devices.
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Figure 6.9 The Urbach’s energy plots of the binary and ternary based PTB7-Th:IEICO-4F
devices.
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Among the Y-NFAs introduced ternary blend, ternary blends with the
addition of Y6 and Y7 showed better performance and reasonable charge dynamics.
Thus, to give more solid experimental evidence on the intermolecular dynamic
process between IEICO-4F and Y6 or Y7, a series of cells without donor were
fabricated with IEICO-4F, Y6, Y7, IEICO-4F:Y6, and IEICO-4F:Y7 as active
layers. The corresponding J-V curves of cells were measured under AM 1.5G
illumination with a light intensity of 100 mW cm-2 and are depicted in Figure 6.8d.
The Jsc of IEICO-4F:Y6 and IEICO-4F:Y7 based cells is in between that of IEICO-
4F, Y6, and Y7 based cells, suggesting that the charge transfer between the
corresponding Y-NFAs with host acceptor IEICO-4F should be negligible in blend
films. Therefore, it is very likely that an acceptor alloy-composite could be the
additional pathway in ternary blends for charge transfer and dissociation by the
addition of Y6 and Y7. From thermodynamic point of view by measuring the
interaction parameter of host acceptor IEICO-4F and guest acceptor Y6 and Y7 (see
Table 6.4), it is revealed that Y6 and Y7 show lower y values with IEICO-4F and
exhibit higher x values with PTB7-Th, suggesting excellent intermixing of Y6 or Y7
with IEICO-4F which can form an acceptor alloy-composite like. To verify this, a
series of photoluminescence (PL) quenching experiments based on PTB7-Th neat
film, binary and Y6- or Y7-based ternary blends were carried out. As shown in
Figure 6.8e, the PL of PTB7-Th from excitation upon a 650 nm laser was more
efficiently quenched in ternary Y7 blend than in the binary and ternary Y6 blend
indicating that the addition of Y7 clearly promote electron transfer from PTB7-Th to
the mixed acceptor phase. Interestingly, ternary Y6 blend shows slightly higher
emission spectra than binary blend, which may indicate the presence of energy
transfer from Y7 to binary PTB7-Th:IEICO-4F, however it seems not a significantly
important mechanism as compared to the alloy-like formation between Y6 and

IEICO-4F, as shown in Figure 6.8f.
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Considering the PCE improvement of ternary devices which is mainly
attributed to the formation of alloy-like composite to enhance photon harvesting in
long wavelength by employing Y6 and Y7 as third component, it is expected to
develop their ST-OSCs to achieve well-balanced between high PCE, high AVT
values, and stable devices for real applications. Replacing 100 nm Ag by 10 nm Ag
as electrode, semitransparent OSCs were prepared with the structure of
ITO/PEDOT:PSS/active layers/PDINO/10 nm Ag. Here, the J-V curves of the
semitransparent OSCs with 10 nm of Ag as the electrodes were measured under the
simulated AM 1.5G illumination with light intensity of 100 mW cm™ and are shown
in Figure 6.10a. The corresponding photovoltaic parameters of semitransparent
OSCs are summarized in Table 6.5. The semitransparent binary OSCs exhibit PCE
of 8.11%, AVT of 26.48%, with LUE value of 2.15%. The PCE and AVT of
semitransparent OSCs can be simultaneously improved by incorporating Y6 and Y7.
The increased PCE of 8.51% with higher AVT of 27.35%, resulting in higher LUE
value of 2.33% is obtained by the addition of Y6 in ternary device. The PCE and
AVT of semitransparent ternary OSCs with Y7 in the alloyed acceptor are increased
to 8.20% and 27.34%, respectively. The Voc and FF values of semitransparent OSCs
are slightly lower than those of opaque OSCs, mainly resulting from the relatively
low conductivity of semitransparent Ag electrode. It is apparent that Jsc values of
semitransparent OSCs are much lower than those of opaque OSCs due to the photon

loss from the semitransparent Ag electrode.

The transmittance spectra of binary and ternary blend films and the
corresponding semitransparent OSCs with 10 nm of Ag as the electrode was
measured and shown in Figure 6.10b. The active layer exhibit relatively high
transmittance in the short wavelength range, which is in good accord with the
absorption spectra of blended films. The transmittance of semitransparent OSCs is
markedly decreased compared with that of active layers, which should be attributed

mainly to the enhanced light reflection of the Ag electrode. This phenomenon can be



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR

CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

(a) 7 (b) eo
o 0
't —s— PTB7-Th:IEICO4F
o —— Ternary Y6 = 604
< -54 —e— Ternary Y7 s
P Ty
E E o
2 10 i e S 40
] ! : k=
g [ & % £
e e L’—:.,,-:: ¥ n
s 15 L I c 20
g £
E 20
a 0
02 0.0 0.2 0.4 0.8 08
Voltage (V)
(c) ; ; (d)
1.04 Shelf lifetime stability
w (1S0S-D2, dark, N,,, 80°C) w 1.0
8 —=— PTB7-Th:EICO-4F o
0.8 —vy— Ternary Y6 o 0.8
g —&—Ternary Y7 T
N m
= 0.6 B
©
£ £
C 0.4 o
=z
=
0.244 T T T T
0 100 200 300 400 500
Time (h)

—w—Ternary Y6
——4—Ternary Y7

Active layers
——PTB7-Th:IEICO-4F
——Ternary Y6

\ ——Ternary Y7

300

¥ ¥ ] ¥ ¥
500 600 700 800 900

Wavelength (nm)

400

Photostability
(1ISOS-L1, light, N, RT)

—=— PTB7-ThIEICO-4F
—v—Ternary Y6
—e— Ternary Y7

200 300 400

Time (h)

100

500

Figure 6.10 (a) J—V light curves, (b) transmission spectra of the active layers and the
corresponding semitransparent OSCs with 10 nm Ag thickness as the electrode, (c) thermal
stability, and (d) photostability test of the corresponding ST-OSCs.

Table 6.5 Summarized device performance parameters, AVT, and LUE of semitransparent
binary and ternary devices with different Ag thickness, measured under AM 1.5G with 100

mW cm? intensity.

Voc Jsc FF PCE® AVT LUE
Blend V) mAem) (%) (%) ) (%)
PTB7-Th:IEICO-4F 0.69 18.91 61.90 8.11(7.84+0.16) 26.48 2.15
PTB7-Th:IEICO-4F:Y6  0.68 19.51 63.65 8.51(8.36£0.31) 27.35 2.33
PTB7-Th:IEICO-4F:Y7  0.68 19.48 61.77 8.20(8.00+0.16) 27.34 2.24

@ The values in parentheses are the average and standard deviation values calculated with 6
individual cells prepared from different batches.
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further confirmed from the transmission spectra of semitransparent OSCs with 10
nm thickness of Ag as electrode. Figure 6.10c and 6.10d shows the thermal and
photostability test for the corresponding ST-OSCs. It is observed that Y6 added
ternary device shows high stability compared to the binary devices and Y7 ternary
device. Interestingly, similar degradation behaviours were observed in ST devices
and corresponding opaque ones, indicating that thinner metal electrode would not
degrade the device lifetime. It should be emphasized that the difference between ST-
OSCs and opaque ones lies on the top electrodes only, which means that the stability
issues related to the active layers of ST-OSCs should be similar to those of opaque
ones. This observation is in accordance with the work of Romero-Gomez and co-

workers.3%°

6.3 Conclusions

In conclusion, a series of ternary organic solar cells (OSCs) with near-infrared
Y-series nonfullerene acceptors (NFAs; mainly Y1, Y5, Y6, and Y7) were
comparatively studied as third components in semitransparent PTB7-Th:IEICO-4F
binary blend to balance the trade-off between the power conversion efficiency
(PCE), average visible transmittance (AVT), and operational stability for the
practical applications of ST-OSCs. The photovoltaic, transmittance, and stability
behaviors of the resultant ternary OSCs differ significantly by introducing different
Y-series NFAs materials. When blended with PTB7-Th:IEICO-4F with the PCE of
11.86%, the PCEs of 11.32%, 11.55%, 13.02%, and 12.32% were yielded for opaque
Y1, Y5, Y6, and Y7 based ternary OSCs. A series of ST-OSCs were prepared with
10 nm thickness of Ag as the electrode. The different photovoltaic performance as
well as the difference in AVT values were observed using different Y-series NFA
materials. The ST-TOSCs based on PTB7-Th:IEICO-4F:Y6 with a modified Ag
electrode thickness of 10 nm achieve the highest LUE of 2.35% as the product of
good PCE of 8.47% and high AVT of 27.77% among the other Y-series incorporated
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ST-TOSCs. Moreover, Y6 based ST-TOSCs exhibited good thermal and photo
stability under inert condition. Our findings indicate that without optical
manipulation, ternary strategy with a proper selection of ultra-narrow band gap third
components materials should provide great potential toward well-balanced PCE,

AVT, and operational stability of ST-OSCs.
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Chapter 7

Shelf lifetime analysis of organic solar cells
combining frequency and time resolved

techniques
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This chapter is based on the published work: Torimtubun, A.A.A. et al. Shelf
Lifetime Analysis of Organic Solar Cells Combining Frequency and Time Resolved

Techniques Sustain. Energy Fuels, 2021, 5, 6498-6508.
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7.1 Introduction and the aim of the work

Emerging photovoltaic technologies such as dye sensitized solar cells,
perovskite, and organic solar cells have established their significant as a sustainable
solar to energy devices. OSCs, in contrast to current perovskite solar cells, are lead-
free, low-cost with a short energy payback time, and can be solution-processed on
light-weight, semitransparent, flexible substrate over large areas by roll-to-roll
technique.??*7310 Along with these appealing properties, in recent years, a
rapid improvement in PCE of up to over 18% in single-junction OSC may
bring OSC an opportunity into the market.?!'3!3 However, high efficiency and
low cost are not only the requirements to scale up the OSC device into the market.
Device operational stability is also one of the key criteria to make large-scale
production of OSC commercially more feasible. Up to now, the silicon-based PVs
companies guarantee their products for 25 years of operational stability.'?! For OSC,
a lifetime of over 20 years is estimated to be financially competitive,*!* giving space

for further stability improvement.

A huge effort is being made to understand the degradation mechanisms and
strategies to make the OSC lifetime longer. For instance, modifying the chemical
structure of the active layer materials, employing ternary strategy in the active layer,
using a compatibilizer to reduce the interfacial tension, inverting the OSC device
polarity, optimizing buffer layers, using stable electrodes, eliminating photo-
dimerization of fullerene, and increasing the material crystallinity of nonfullerene
materials are known degradation mechanisms to minimize the intrinsic degradation.
120.237.315-317 Meanwhile, a proper encapsulation is widely used to prevent the
interaction of oxygen and moisture from the atmosphere into the OSC devices. This
method can lead to suppressing the device extrinsic degradation. Nevertheless, the
production cost, weight, and device flexibility are the important concerns from
industrial engineering perspective when the devices need to be encapsulated. It is

hence highly desirable to improve the intrinsic stability and minimize the
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encapsulation.

Some studies on polymer:fullerene OSC showed that the inverted structure
and the choice of metal oxide, stable metal or electron transport polymer for the
cathode material have a key contribution to improve the air stability of the

device 82,119,122,318

In i0OSC, the hygroscopic and acidic poly(3.,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) can be avoided
and the low work function aluminium electrode that causes the degradation can be
replaced by a high work function metal electrode such as silver or gold.'?® The
electron transport layer (ETL) is a key component in acquiring high performance
and stable iOSC. The ETL has a role in modifying the alignment between the work
function of the transparent conductive ITO cathode and the Fermi level of the
semiconductor, promoting the electron transfer and the carrier extraction
process.*!*320 To improve the stability, the ETL may act as a scavenging layer to
protect the active layer from oxygen and moisture.!" Transition metal oxides as
ETL, such as titanium dioxide (TiOx) and zinc oxide (ZnO), and water-soluble
organic ETL, poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-
(9,9—dioctylfluorene)] (PFN), are the most commonly ETLs used in iOSC. These
ETL materials exhibit high electron conductivity, an excellent optical transmittance,
low work function, high refractive index, good chemical stability, non-toxicity, and

an ability to improve charge carrier extraction.!3%175-321.322

It is apparent that the interlayer engineering and its optimization are the crucial
factors to be considered to fabricate high performance and air-stable devices. To
gain further insight into the physical mechanisms governing the device operation,
optoelectronic characterization techniques are widely employed. Small-perturbation
time- and  frequency-domain  measurements such as transient
photovoltage/photocurrent (TPV/TPC) spectroscopy, charge extraction, and
impedance spectroscopy (IS) have been widely employed to study relaxation

processes in the field of dye-sensitized solar cells (DSSC),*?*¥* 0SCs,*>>¥¢ and
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perovskite solar cells’’’ but fewer studies arise from the combination of both
techniques. Electronic transitions can be studied with TPV/TPC at a very fast time
scale (higher frequency) while the electronic and ionic conduction can be observed
by IS at lower time scales (lower frequency).”’ Nevertheless, the same information
and comparable results can be obtained from TPV/TPC or EIS. The combined TPV
and IS techniques have been already used by Pockett ef al. to study the effect of
degradation on the active layer and interlayer in OSC.*?® However, in-depth
discussion of the device lifetime analysis according to ISOS protocol using
combined TPV and IS techniques remains unclear. In the meantime, ISOS protocols
play an important role in the advancement of OSC’s research and future industrial

manufacture.

In this study, we perform IS and TPV/TPC measurements on the inverted
PTB7-Th:PC70BM-based device with different ETL materials to investigate the
effect of ETL on the stability of nonencapsulated iOSC. The standard procedure of
ISOS D-1 protocol (under dark, and ambient condition) was used for an accurate
lifetime determination.'?” Three different ETLs were investigated, one water-
soluble organic-based (PFN) and two metal oxides-based (TiOx and ZnO). We
demonstrate that TPV/TPC combined with IS can be employed to gain a deeper
insight into the behavior and degradation mechanisms of iOSC concerning the
cathode interlayer used. The TPV measurements are useful in observing the
degradation of the active layer as a result of trap formation, while IS measurements
give more detail information about the interfacial density of states across the
interlayer. We found that using an appropriate ETL, it can significantly improve the
stability of iOSC. Under nonencapsulated ambient condition, metal oxides show
more stable ETL while organic interlayers are more susceptible to the oxygen and

moisture ingress.
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7.2 Photovoltaic characteristics by J-J measurement

In this study, the BHJ device were fabricated with inverted configuration
ITO/ETL/PTB7-Th:PC70BM/V20s/Ag as schematically illustrated in Figure 7.1a by
using different ETL materials. An inverted structure is chosen to minimize any
degradation originating from the metal electrode oxidation and the acidic interfacial
layer.*?® The selected interlayers studied here represent the most common organic
and inorganic materials employed as ETL in iOSC. The as-fabricated device namely
“fresh device” was characterized immediately after the fabrication process. The
nonencapsulated fresh devices then were kept under ambient environment (room
temperature (RT) of 23°-27°C and controlled relative humidity (RH) of 35-50%) in
open circuit condition with no illumination, following the ISOS-D1 protocol.'3” The

devices were only exposed to the light during device characterization and returned
to the dark shelf chamber.

Figure 7.1b shows the current density to voltage (J-V) characteristics of these
fresh and degraded cells measured under simulated AM 1.5G illumination (100 mW
cm) at RT. The corresponding devices parameters are summarized in Table 7.1. In
addition, Figure 7.2a-c shows the initial transient of the illuminated J-V
measurements. For the performance of the fresh device, ZnO-10SC shows the lowest
Jsc, the lowest shunt resistance (Rsx), thus the lowest PCEmax of 9.79%. TiOx-10SC
exhibits the highest Jsc, the lowest FF and the highest series resistance (Rs), resulting
in PCEmax of 9.99%. Meanwhile, PFN-iOSC can improve the device performance,
showing the highest Voc, FF and Rs;, which leads to the highest PCEmax of 10.35%.
From the degradation perspective, degraded (526 h) devices show a prominent
reduction in the device performance for all ETLs compared to fresh (0 h) devices.
Jsc of PFN-, TiOx-, and ZnO-10SCs fell 13%, 9% and 7% after 526 h. The Jsc
reduction in all degraded cells is coherent with the reduction of calculated Jsc values
obtained from external quantum efficiency when compared to those of fresh devices,

as shown in Figure 7.1c. On the other hand, Voc decreases slightly after degradation,
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fell 10% for PEN-1OSC and fell 4% for each TiOx- and ZnO-1OSC. In addition, a
significant decrease in FF after 526 h degradation is observed; FF fell by 33%, 17%
and 16% for PFN-, TiOx- and ZnO-i10OSC, respectively. A significance FF reduction
may arise from a gradual increase of Rs and a drop of Rs, observed for degraded
devices as a result of the parasitic resistance effect. It leads to a considerably lower
PCE, in which PCE of PFN-iOSC drop to almost 50% of its initial value while TiOx-
and ZnO-10SCs drop to 26% and 24% from their initial value. In general, the devices
using PFN as cathode interlayer in iOSC suffer from the worst stability while the
devices using ZnO as ETL resulted in the most stable devices. Since the device
architecture and fabrication process are identical, the difference in device parameter

stability observed may be attributed to the different ETL materials used.
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Figure 7.1 (a) Schematic illustration of the inverted device architecture, (b) J-V
characteristics under illumination, (¢) EQE spectra, and (d) dark J-V characteristics of fresh
and 526 h degraded PTB7-Th:PC7;0BM-based devices with different ETLs (PFN, TiOy, and

Zn0).
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Table 7.1 Device performance parameters for different ETLs (PFN, TiOx and ZnO),
measured under AM 1.5G with 100 mW cm? intensity. Nonencapsulated devices were
degraded after 526 h under ambient condition (RT, % RH = 35 — 50%).

ETL Jsc / Jeare ? Voc FF PCE / PCEmax Rs Rsn
(mA cm?) (%) (%) (%) (Q cm?) (kQ cm?)

PFN fresh 16.83 £0.37/15.98 0.80=+0.006 74.40+0.52 10.0+0.20/10.35 0.95+0.06 1618 £542
aged 14.69+0.93/14.04 0.72+0.018 50.21 +£1.22 5.31+0.36/5.89 7.94+1.08 242423

TiOx fresh 17.19+0.17/16.71 0.79 £0.005 71.40+1.12 9.734+0.18/9.99 1.69+0.08 1044 +315
aged 15.71+0.39/15.01 0.76 £0.004 59.43 £1.62 7.11+0.32/7.39 5.16+2.04 543 +63

ZnO fresh 16.70 £0.20/15.43 0.79£0.005 72.45+0.61 9.60+0.14/9.79 0.94 +0.07 858 £424
aged 15.53+0.32/14.47 0.76+0.017 61.17 £1.86 7.21+0.25/7.41 2.78+1.27 531 +132

*The performance parameters of devices were obtained from over 4 devices.

Figure 7.1d further compares the dark J-J characteristics for all devices before
and after 526 hours of degradation. Table 7.2 summarizes the experimental and
modeled device performance parameters from dark J-V curves. The fitting values are
obtained using a two-diode equivalent model where the detail fitting calculation can
be found elsewhere.'®® In addition, Figure 7.2d-f shows the initial transient of the
dark J-V measurements and Figure 7.3 displays the fitting for the fresh and degraded
devices. All fresh devices shows an ideal exponential region with an ideality factor
in the range of 1.05 to 1.11, combined with the Rs at medium-high voltage bias and
a leakage current at low bias, which can be linked to the manufacturing
imperfections.**° The leakage current depends on the ETL and can be ascribed as the
combination of a Rs; and a second non-ideal exponential region with an ideality
factor larger than 2. A high leakage current is probably caused by lower contact
selectivity within the cell and increase surface wetting condition when exposed under
ambient degradation.?!*3? After 526 h degradation, all devices show a reduction in
the current density in forward and reverse bias due to the loss in diode and resistance
properties. The observed Rs increment in all degraded devices can be ascribed to
several factors such as a creation of deep and shallow traps due to the interaction of
oxygen and water with the polymer reducing charge carrier mobility, a loss of
injection efficiency from electrode contacts into the active layer due to increasing

barrier for charge injection or a creation of isolation layer between the bulk active
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Figure 7.2 (a—) Light illumination and (d—f) dark J-V characteristic of PTB7-Th:PC7;,BM-
based device with different ETLs: (a,d) PFN, (b,e) TiOy, and (c,f) ZnO exposed to ambient
conditions over storage time. 7 is the initial time for the initial testing measurement of the
fresh device and Ty is the time the devices took to decay 20% from its initial measurement.



UNIVERSITAT ROVIRA | VIRGILI

BINARY TO TERNARY BLENDS: EFFICIENT AND STABLE ORGANIC SOLAR
CELLS FOR VERSATILE APPLICATIONS

Alfonsina Abat Amelenan Torimtubun

layer and contact hindering the charge carrier collection.*** In addition, the ideality
factor values of degraded devices in the first exponential region change to 1.59 —
1.91 and the leakage current strongly increases due to the reduction of Rs;, values and
the worsening of the second exponential region, with the ideality factors much larger
than 2. Therefore, the lower PCE observed in PFN-iOSC and TiOx-1OSC than those
of ZnO-10SC could be limited by a lower charge extraction and higher leakage
current. These two effects are in good agreement with the higher trap defects due to

the degradation process as described later in this work.

Table 7.2 Extracted series resistance and shunt resistance values from experimental and
modeled data from dark J-¥ curves Figure 7.1d for fresh and degraded devices after 526 h
exposure time.

Device PFN PFN TiOx TiOx ZnO ZnO
Parameters Fresh Deg Fresh Deg Fresh Deg

R (Qcem?)  11.92 204 19.22 67.50 11.71 28.96

Rs (Q) 0.62 69 1.24 7 0.64 2

Rsp™ (Qem?)  9.24x10*  430x 10> 516x10°  3.16x10°  9.09x 10  8.16 x 10°
Rsnft (Q) 9.22x 10*  4.00x 10> 535x10° 3.15x10° 7.45x10° 9.36x 10°
Jori™ (A cm?) 842x 10 467x10° 595x10 1.84x10"? 1.88x 105 1.42x 10"
n 1.11 1.91 1.09 1.37 1.05 1.50
Jo"(Aem?)  2.28x10% 4.10x10° 1.58x10° 7.30x 107 3.68x 101 4.34x 107
o 3.35 6.4 2.64 4.12 2.00 2.12

To get a further insight into the degradation trend behavior of iIOSC with
different ETLs over shelf lifetime under ambient environment, the normalized device
performance parameters (Voc, Jsc, FF and PCE) are presented in Figure 7.4
Corresponding to ISOS-D1 protocol, the operating shelf lifetime of each studied cells
is summarized in Table 7.3. The term Ej is the initial testing measurement of fresh
devices at 0 h (7)) while Esp is the testing measurement of degraded devices under
dark ambient condition after the PCE decay 20% from its initial value at time T.'*’

Figure 7.4a shows the PCE decay behavior for all devices. It is worth noting that the
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Figure 7.3 Fitting dark J-V curves of fresh and degraded cells at 526 h for (a) PFN-, (b)
TiOx-, (¢) ZnO-10SCs using two-diode electrical circuit model.
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Figure 7.4 (a) Fitting of the normalized PCE over the storage time using eqn (1) for all
devices. (b) — (d) Normalized device performance parameters of each inverted PTB7-
Th:PC7;0BM-based device with different ETLs: (b) PFN, (c¢) TiOy, and (d) ZnO. The symbols
are the experimental data, the solid lines are the fitting curves, and the dashed lines are guide
to the eyes. The samples were degraded in dark ambient environment and all measurements
were carried out under AM 1.5G illumination.

rapid PCE decay in the first few hours are observed in all devices. It is known as
“burn-in loss” degradation loss mechanism due to the photochemical reaction within
the device layers.!3%** It can be seen that PFN-iOSC reached to decay its 20% (T’s0)
performance after only 26 h, faster than its TiOx- and ZnO-iOSC counterparts that
took 341 h (2 weeks) and 526 h (3 weeks) to reach Tso, suggesting the poor stability
of the PFN as ETL in nonencapsulated iOSC. It is because their performance
parameter decreases rapidly in a short exposure time, as shown in Figure 7.4b and

Table 7.3. Voc, Jsc, FF of PEN-1OSC at Tsp are reduced down to 4%, 6% and 16%,
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while those of TiOx-1OSC at Ty are fell to 3%, 7%, 11% (Figure 7.4¢) and those of
ZnO-i10SC at Ty are decreased down to 5%, 8%, 14% (Figure 7.4d), respectively.
The evolution of illuminated and dark J-V characteristics over the device lifetimes
are shown in Figure 7.2. In general, compared to the other device parameters, Voc
seems to be the least affected by the degradation in PTB7-Th:PC70BM-based iOSC,
while Jsc and FF appear to suffer more by the degradation. It suggests that the
performance deterioration is probably more associated with the charge extraction
and leakage current-dominated photogeneration, which is correlated with the

interlayer quality of the devices.

Table 7.3 The summary shelf lifetime data for all the nonencapsulated devices under
ambient condition (RT, %RH= 35 — 50%). The data given are in hours

Standard lifetime PFN TiOx ZnO
Eo, To (PCE, %) 10.35 9.99 9.79

Tos 3 8 7

Too 9 70 115
Tss 12 224 224
Tso 26 341 526

As displayed in Figure 7.4a, the degradation of all devices displays an
exponential decay. A fast initial decay followed by a slow decay can be fitted by the

superposition of two exponential function with different time constants, as

previously reported by '2233:
PCEQW) _ -t -t
PCE) Al X exp (Tl) + A2 X exp (TZ) (7.1)

where PCE (0) is the relative initial power conversion efficiency at t = 0 h. The time
constants (T1, T2) and the degradation power factors of the individual exponential
functions (A1, A2) are obtained via a least-squares fit. The two exponential functions
of the measured and modeled curves for each ETLs using equation 1 can be observed
clearly in Figure 7.5 and Table 7.4 summarized the values extracted from equation

1 for all devices. It is observed that metal oxide ETLs-based device (ZnO-iOSC and
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Figure 7.5 The modeled normalized PCE of a, PFN-, b, TiOx- and ¢, ZnO-ETLs iOSCs over
storage time using Eq. (1). The filled symbols are the experimental data and the lines are the
fitting curves. The green line represents the fast initial decay and the pink line shows the
slow decay, the black line is the total decay observed.
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TiOx-10SC) have similar two-stage degradation, a fast decay followed by slow
degradation behavior while PFN-iOSC shows more rapid PCE deterioration. The
degradation mechanism of the first fast decay regarding T1 is mainly caused by water
and the second slow decay of T2 is related to oxygen ingress in the device, as was
observed similarly with Yang et al. work®*® The smaller values of T1 for all devices
than T2 indicate that water diffusion is being more detrimental in this degradation
process. The time constant T2 of PFN-iOSC (1260 h) shows the lowest value among
the studied ETLs, suggesting PFN-10OSC is suffered more by the presence of oxygen
than the metal oxide ETLs-based iOSC. On the other hand, the highest time constant
T2 (4000 h) is observed in ZnO-iOSC and the second highest T2 (2526 h) is acquired
by TiOx-1OSC. This result suggests that the use of metal oxide, especially for ZnO
as ETL in nonencapsulated iOSC may be favorable to obtain the more stable device
performance parameters. The calculated parameter » defined as A1/A2 follows a
behavior » < 1 for all nonencapsulated devices, showing a reliable measurement in

the same condition: dark ambient environment exposure.

Table 7.4 Parameters obtained from fit the normalized PCE by eqn (7.1) with different
ETLs. T1 and T2 are the time constants, Al and A2 are the degradation power factors and r

is the ratio of A1/A2.
ETL
Al A2 T1 T2 r= Al/A2
(%0/%) (%/%) (h) (h)
PFN 0.24 0.76 12 1260 0.32 (r<1)
TiOx 0.06 0.92 6 2526  0.07 (r<1)
ZnO 0.11 0.89 9 4000 0.12 (r<1)

Figure 7.6 presents the behavior of series and shunt resistances over shelf
lifetime. As shown in Figure 7.6a, the Rs of nonencapsulated iOSC with different
ETLs increases after 526 h exposure to ambient conditions in which similar behavior
observed to the PCE decay. Rs values remain constant regarding its initial time and

start to increase to 3 h (79s), 70 h (T9), and 115 h (T99) for PFN-, TiOx- and ZnO-
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10SC, respectively. Afterwards, Rs values rise abruptly for PFN-, increase gradually
for TiOx- and increase steadily for ZnO-iOSC until 526 h. Interestingly, in Figure
7.6b, it is shown that Rs; of ZnO-10SC was stable for 526 h while those of PFN- and
TiOx- showed a rapid decrease during 26 h (7s9) and 70 h (79), respectively,
following the PCE decay behavior. The most stable and the lowest Rs combined with
the highest Rs; values belongs to ZnO-iOSC which is coherent with FF and PCE
decay behavior (see Figure 7.4, Table 7.4). As the increase of Rs and decrease of Ry,
are followed by the FF and PCE decayj, it is reasonable to suppose that the stability
of studied iOSCs exposed to ambient conditions relates to the interface degradation,
as observed in similar work.*%**7 This is in good agreement with the AFM
measurement of each ETLs fresh and degraded films, as shown in Figure 7.7. The
difference between the root-mean-square (RMS) roughness of fresh and degraded
for ZnO film is very small (ARMS = 0.01 nm) compared to the PFN film (ARMS =
1.31 nm), which explain an effective interfacial area between the ZnO layer and the
active layer. The smoother ETL film, the smaller ETL/active layer interfacial area,
the less interface traps, leading to suppress undesired charge recombination and
leakage current in which reduce the FF.!43338 This can be attributed to the function
of ZnO layer as scavenging layer to prevent the diffusion of oxygen and water
molecules ingress to the active layer.!!” Moreover, the better quality ZnO film than
the other ETLs can help to passivate the blend/ETL interface layer from the interface
defect due to the chemisorption of oxygen as trap states causing the concentration of
free electron to decrease.**3*" Nevertheless, it is important to note that due to the
complexity of the degradation mechanisms of each layer within the device, the
information extracted solely from the J-J characteristics do not provide conclusive
evidence to understand the dominating mechanism of performance deterioration.
Therefore, a combined technique of time and frequency domain to study the shelf-

lifetime degradation analysis is discussed more in detail in the following section.
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Figure 7.6 (a) Series and (b) shunt resistances of the inverted PTB7-Th:PC7;BM-based
device over shelf lifetime with different ETLs (PFN, TiOy, and ZnO) extracted from dark J
— ¥V measurements.

7.3 Transient photovoltage / photocurrent analysis

To investigate the different ETL on charge kinetics and recombination, fresh
and degraded nonencapsulated i10SC were measured under operando conditions by
using charge extraction (CE) and transient photovoltage (TPV)/photocurrent (TPC)
techniques. These techniques have been frequently employed to analyze the carrier
losses and the carrier recombination in dye-sensitized solar cells and OSC,!3%341:342

and more recently in perovskite solar cells.””?°”3*? Understanding the carrier loss

mechanisms is key to increase solar cell efficiency. Therefore, we consider analyzing
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(a)

ARMS gy = 1.31 nm ARMS 1,0, = 0.63 nm ARMS ,0 = 0.01 nm

Figure 7.7 AFM height images of (a-c) fresh and (d-f) degraded ETL films. The ETLs used
are (a,d) PFN, (b,e) TiOy, and (c,f) ZnO. The delta root-mean-square (ARMS = RMS
degraded — RMS fresh) roughness values are extracted.

the fresh and degraded devices as an important way to elucidate the different
mechanisms in the device interfaces. While a brief description of the experimental
procedure can be found in the Device Characterization section, the technique is

described in detail elsewhere.”®

In general, the CE technique allows the measurement of the accumulated
charges and the TPV permits to register the carrier recombination decay under
different light bias (solar cell voltage as a result of light irradiation). In most kind of
solar cells, such as the full-organic or dye-sensitized solar cells, the photo-generated

carriers are extracted before they recombine. In other words, the CE decay is always
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much faster than the TPV at the same light bias, as we can observe from our devices
(see Figure 7.8). Nevertheless, the combination of TPV/TPC allows to obtain the
Differential Capacitance (DC) as an alternative technique to CE.*** Here we used
both CE and DC techniques to accurately analyse the charge density of the devices

(see an example in Figure 7.9).

1.0 =

= TPV 1Sun
= CE 1Sun

Norm. Intensity

]
Figure 7.8 The CE and TPV decays under 1 Sun illumination conditions for OSC using TiOx

as ETL.
se+16{ A DC
A CE
4E+16
— A
O 3E+16 4 -
S
< 16
+16 4
c
A A
1E+16 -
0E+00{ A
0.0 0.2 0.4 0.6 0.8
Voc (V)

Figure 7.9 Comparison between the charge density measured by using charge extraction
(CE) and differential capacitance (DC) techniques for a device using ZnO as ETL.
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Figure 7.10 (a) The charge density versus Voc and (b) the charge lifetime versus charge
density for fresh and degraded devices.

For a comparison between iOSC with different ETL, we made sure that the
film thicknesses are equal in all devices within measurement error, i.e. ETL
thicknesses close to 20 nm. Figure 7.10a shows photo-generated charges stored in
the fresh and degraded cells at equilibrium at different Voc values, achieved by
tuning the background illumination from dark to 1 Sun equivalent. At first sight,
degraded samples showed higher charge density values for a given Voc. In agreement
with similar works recently reported,*?® this, can be attributed to chemical reactions

as a result of the interlayer degradation originated near the interface. Meanwhile, the
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charge density for fresh devices is very similar for the different ETL and consistent
with the observed Voc (~0.8 V), the increase in charge density upon degradation is
different for each ETL and so, less consistent with the Voc. Charge density usually
exhibited a linear and exponential part, attributed to the charges accumulated at the
interfaces —known as geometrical capacitance— and within the bulk —chemical
capacitance—, as depicted in Figure 7.11. By analyzing both separately, we obtained
more information about how the degradation process is affecting the charge
extraction of the devices depending on the ETL used. Figure 7.11b shows that TiOx
in degraded cells presents slightly higher charge density.

A change in recombination kinetics can be observed by looking at the charge
density dependence of the carrier lifetime. Therefore, the carrier lifetimes (7)
obtained from TPV decays of fresh and degraded devices are plotted as a function of
charge density in Figure 7.10b. There is a lengthening of the carrier lifetime in the
degraded devices, approximately 3 times longer than the fresh devices at a charge

density of 2.5x10'6 cm™.

(a) 35.0n 4 m  PFN fresh (b) o PFN degraded
® TiOx fresh 3009 o TiOx degraded €
. 300n+ A ZnO fresh — A ZnO degraded
! A o
£ 25.0n- A E
Q 9 200n -
©Q 20.0n .? O
;’ om ;’
o 15.0n = o
s s
£ 10.0n A = 1001+
(&} (&]
5.0n PY
A
oo & ____ 0
= L

O.lO O.l2 0.l4 06 0.8
Voc (V) Voc (V)

Figure 7.11 Charge measured at different light bias for OSCs with different ETL. The
solid lines at the graph bottom represents only the exponential part of the fits: y=Be®*
(chemical capacitance) for (a) fresh and (b) degraded devices.
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These results are consistent with the increase in trap formation upon
degradation (mainly due to oxygen and water penetration) as carrier lifetimes are
shown to increase for given carrier densities. Due to the presence of traps, charges
may spend a certain amount of time in these traps, before being released and so being
recombined. We have seen that the increased carrier lifetime does not causes higher
Voc values for those degraded devices because to reach the same Fermi-level
splitting, much higher charge density would now be needed comparing to the fresh
devices. We can also notice that in general, lifetimes are similar for all devices,
especially near to 1 Sun intensity, which indicates that the ETL properties do not

have a significant influence on recombination kinetics.

Therefore, we can conclude from this section that, as we have not observed
significant changes in recombination behavior and in the device ideality factor from
light intensity dependency measurement (see Figure 7.12), the observed
performance degradation is improbable to come from energy level changes, or
specifically. In this case, we can confirm that the degradation does not induce
significant increases in trap-assisted recombination which may be one potential

source of performance loss.

7.4 Impedance spectroscopy analysis

To obtain a deeper understanding of the degradation mechanism associated
with the interfaces, we performed IS measurements on the same devices investigated
by TPV/TPC. IS measure the phase shift and the amplitude of the current response
obtained upon applying an AC voltage to the device at a given frequency. The
frequency dependent measurements aid to explain the several mechanisms occurring
at several interfaces.>*® Thus, the interface state will be distinguished more easily by

IS than TPV in which all charges are forced to recombine.
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Figure 7.12 (a-c) Jsc and (d-f) Voc dependence on light intensity over storage time of PTB7-
Th:PC70BM—-based OSCs with different ETLs: (a,d) PFN, (b,e) TiOx, and (c,f) ZnO. It is
worth noting that the ideality factor values, n (n = S2/S1) of this measurement is in good
agreement with the n; values obtained from the dark J-V fitting parameters in Table 7.2.

The first approach to fit the experimental IS data of all fresh samples is to use
an equivalent circuit model composing one series resistance connected in series with
three resistor/capacitor components (3RC). The 3RC equivalent circuit model can be
employed to get information about each layer within the devices.!7**¢ To properly
fit the impedance data at higher frequencies (HF), i.e. /> 0.1 MHz, for all fresh
samples, the main effect to overcome is the reduction of the phase values. From the
circuital point of view, a reduction of the -Z” experimental value in negative x-axis

can only be explained by the presence of series inductance (L). The physical origin
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of the L term could be related to wiring, despite a compensation was done before the
measurement. An alternative origin could be the typical equivalent circuit of a
capacitor at HF. A series resistance element (Rs) takes into consideration the ITO
sheet resistance and three RC elements are corresponding to the capacitance and
resistance of the ETL, the bulk active layer, and the hole transport layer (HTL). The
geometrical capacitance (Cgeo) values of each layer are listed in Table 3.7. These
values depend on the dielectric permittivity and the thickness of the layer, as
expressed by Equation S1. The comparison of the different Cgeo values of each layer

and the fitting values enable us to predict the correlation between each RC

components.
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Figure 7.13 (a) and (c) Cole — Cole plot and (b) and (d) Bode plot (modulus green-dashed
arrow and phase blue-solid arrow) for (a) and (b) fresh devices using three different ETLs
and (c¢) and (d) degraded PFN-based non-encapsulated devices over degradation time (7o,
Tos, Too, Tss, and Tgo) measured under open-circuit conditions. The experimental results were
fitted using a RC circuit model (solid lines) shown in Figure 3.10.
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The typical arc behavior with a single semi-circle is observed in the Cole-Cole
plots (Figure 7.13a) with one peak in the phase angle of Bode plots (Figure 7.13b),
suggesting the presence of RC components. Table 7.5 summarizes the extracted
capacitance and resistance values from fitting the impedance spectra of all devices
using 3RC equivalent circuit model at open-circuit condition. It is noticed that ITO
sheet resistances depend on the ETL used, where a Rg value in the range of 10 Q was
expected. Among the fresh samples, at a given frequency, PFN-iOSCs demonstrate
the lowest impedance value in the flat region of |Z| vs f compares to the metal oxide-
ETLs counterparts. These results corroborate with the highest device performance
obtained using PFN-ETL as fresh device. It is worth noting that the fitted equivalent
capacitance values (Cry) of the bulk are higher than Cgeo of the blend = 3 nF. From
the circuital point of view, an increase of Cgc over Cgeo can only be explained by the
presence of a parallel capacitance. Figure 3.10 shows the equivalent circuit model
used to fit the impedance spectra, allowing the interfacial density of states (Dit) of
the blend and the traps created during the degradation process to be observed. This
estimation is based on polymer metal-insulator-semiconductor (MIS) capacitors
work.3#7-** The interface states are represented by an interface trap capacitance (Ci)
in parallel with the capacitance of the semiconductor. Cii can be obtained by
subtracting Cgeo to Crit (Cit = Crit — Cgeo), S0 the interface density of states Dji= Ci/qA
can be calculated as 46 x10'! cm?2eV-! for PTB7-Th at open-circuit condition, see
Table 7.6. These values are within the range of values obtained for the interface

density of states in P3HT.#>3%

After degradation, as shown in Figure 7.13c, a single semicircle behavior is
still observed with the increased average diameter of the arcs over storage time for
PFN-iOSCs at open-circuit condition. A similar trend is observed for the other
studied ETLs. The time degradation impedance characteristics have been examined
by fitting these with equivalent circuit model. The other common characteristic for

PFN-, TiOx- and ZnO-10SCs is that the diameter of arcs decreases with increasing
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Table 7.5 Capacitance and resistance values of each layer for different ETLs used under AM
1.5G for fresh (7o) and Tso degraded devices. For PEN devices, the values for 526h are also
shown (in parenthesis). The values were extracted by using the circuit model shown in Figure
3.10 at open-circuit voltage.

ETLs Layers Capacitance (nF) Resistance (Q)
Fresh Degraded Fresh Degraded
PFN R - - 7 10 (53)
PFN 28 28 (28) 11 17 (54)
Bulk 10 11 (14) 7 13 (23)
V205 78 78 (78) 7 12 (13)
TiOx R - - 14 21
TiOx 200 200 3 17
Bulk 9 12 15 32
V205 78 78 9 13
ZnO R - - 6 12
ZnO 21 21 4 25
Bulk 12 13 15 18
V205 78 78 8 17

Table 7.6 Interface trap density (Di) of all devices before and after degradation under open-
circuit conditions

ETL Cit= Ciic - Cgeo (nF) Dit = Ci/Qa (cm2eV) ADit
Fresh Degraded Fresh Degraded

PFN 7 11 4.86 x 10" 7.64 x 10" 57%

TiOx 6 9 417 x 10" 6.25 x 10! 50%

ZnO 9 10 6.25 x 10! 6.94 x 10! 11%

applied bias voltage, which can be related to the efficient charge extraction.!”
Figure 7.13d exhibits the |Z|-f relation of PFN-iOSC over degradation time in which
the impedance values increase as the degradation time increase and the difference is
more prominent in the lower frequencies (LF) region, suggesting the LF feature
becomes evident in the degraded cells. As compared to Cgeo values, the fitted

capacitance values of charge transport layers (ETL and HTL) appear to be the same
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and remain constant over degradation, see Table 7.5. However, the fitted capacitance
values of the blend in all samples are higher than those of geometrical values and
their values increase over the degradation time. As shown in Table 7.6, the interface
density of states values after degradation time of 526 hours increase 57%, 50% and
11% for PFN-, TiOx- and ZnO-iOSCs, respectively, in good agreement with the
increase of the dark leakage current-voltage characteristic on the degraded devices.
The highest degradation of the PFN iOSC correlates with the largest increase of the
interface density of states values for this sample. Thus, we can assume that the traps
created by water and oxygen will modify only the bulk interface with ETL and HTL,
whereas ETL and HTL are fully depleted layers.

7.5 Combined steady-state and transient techniques

To obtain an excellent agreement within the steady-state and transient
techniques, we both compare the ideality factors obtained from dark J-J modelling
results with TPV/TPC studies. As shown in Figure 7.14, charge carrier density and

charge carrier lifetime both exponentially depend on Voc, following the equations

7.2 and 7.3:
%
n =ny X exp (Zn%) (7.2)
%
Tan = Tan, X €XP (%) (7.3)

where n,and n; defined as the ideality factors correspond to carrier density and
carrier lifetime, respectively.*> In previous works, the slopes in the semilogarithmic
plots of Fig. 6 were described by the parameters y = q/n,kT and B = q/n kT >
All the n,, and n;ideality factors obtained from Figure 7.14a are summarized in
Table 7.7. It is important to notice that fresh devices but not after degradation, shows
an exponential fitting with two different regions. One region at higher voltages (0.75-
0.79 V) which can be attributed to bulk dynamics, and another region (0.63-0.75 V)

attributed to the capacitive contribution.
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Figure 7.14 The fitted data of (a) charge carrier density and (b) charge carrier lifetime versus
open circuit voltage from CE and TPV measurements using eqn (2) and (3) for the fresh and
degraded PFN-iOSCs.

Table 7.7 Summary of ideality factors determined by transient (CE and TPV) techniques
and J-V characteristics

n, n, Nig Nig
(CEn,,/TPVn,) J-V)
PFN fresh 5.48 (Voc > 0.75) 1.42 1.12 1.11

13.01(Voc <0,75) - -
PFN deg. 13.13 2.31 1.96 1.91
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Charge extraction and transient photovoltage techniques can be used to
determine charge carrier densities and carrier recombination but also steady-state
parameters like the ideality factor n;;. The diode ideality factor is correlated with n,,
(at higher Voc voltages, i.e. 0.75 — 0.79V) and n, by following the equation 7.4:

nig =npt +n;t (7.4)
Although the ideality factors were determined in two different ways —from J-V
characteristics and from CE and TPV techniques— both n;; found to be identical for

350-352 where

our solar cells. These n;; has already been compared by other authors
they obtained identical ideality factors as in our case, very close values or slightly
underestimated compared to the steady-state values. Therefore, the good agreement
of steady-state and transient techniques demonstrates the validity of the Shockley

model for this kind of solar cells.
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Figure 7.15 IS time constant under open-circuit conditions compared to the carrier lifetimes
extracted from TPV measurements for the fresh and degraded PFN-iOSCs.

To validate the aforementioned assumption and the proposed model of Dj, we
checked the time constant obtained from the IS and TPV measurements. The similar
carrier lifetime values between the two techniques should correlate each other when

the recombination took place. The characteristic time constant from RC circuit of IS
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data at open-circuit condition is given by T = RXC. The time constants measured
from both techniques for PFN-iOSCs are shown in Figure 7.15. On one side, each
Voc bias point from IS data corresponds to a different degradation time with the
same illumination, whereas on the other side those of TPV data correspond to the
same degradation time with different illumination. A good agreement is observed
between total T of IS in the Voc range from 0.8 V (fresh sample) to 0.74 V (degraded
sample 176 h) and the total T of TPV fresh PFN-iOSCs data from 0.8 V (the highest
light intensity) to 0.74 V (lower light intensity). The time constant obtained from IS
in the Voc range from 0.74 V to 0.70 V (degraded 526 h) begin to outward the pattern
of TPV fresh and follow the pattern of TPV degraded data. To find out which layer
is the main effect of degradation, we analyze the contribution of each layer. We
found that by fitting ETL time constant, Tet. = ReteXCerL, it follows the trend of ©
extracted from TPV for degraded devices at 267 h and 526 h. The relative t
contribution of each layer to the total T is shown in Figure 7.16. In fresh devices,
almost 30% contribution of t values is due to the HTL, whereas in the degraded
devices, almost 70% contribution of t values is due to the ETL. This result is in good
agreement with the generation of interfacial trap in the degradation process. It
suggests that the interfacial defect, which demonstrated by the presence of interface

states effect, Djs, can be the main cause of degradation.
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Figure 7.16 The relative contribution of each layer to the total t value at different
degradation time.
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7.6 Conclusions

In summary, we performed both frequency and time-domain characterization
techniques to investigate the shelf-life degradation of ITO/ETL/PTB7-
Th:PC70BM/V20s/Ag using three different ETLs, one organic-based ETL (PFN) and
two metal oxide-based ETLs (TiOx and ZnO), following ISOS-D1 protocol. Both
techniques can provide real information on how different ETL were degraded and
affecting the stability of the active layer over storage time. We have found that the
main cause of degradation is due to the formation of interface traps under dark and
upon air exposure. TPV measurements, it gives an insight into the interfacial
recombination processes, particularly it shows an increase of trap density in the
active layer due to the degradation. From the IS data, it is possible not only to
determine the relative contribution of each layer to the total time constant but also
estimate the increase of the interface density of states values due to the degradation
process. Modelling dark current-voltage (J-V) characteristic and atomic force
microscopy (AFM) measurement further confirms the presence of traps on the

degraded devices.
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Chapter 3

Summary and outlook
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8.1 Summary

In conclusion, the work done in this thesis has successfully developed
interfacial engineering and ternary strategies to simultaneously improve the
efficiency and stability of OSCs for versatile applications. Encouraged by the PCE
milestone of OSCs by nearly 20% and even higher based on the theoretical
simulation, the motivation for undertaking this challenging task is based on the
optimistic view of together contributing to the progress of OSCs to bring it in the PV
market in the near future. First, we have investigated the performance and
photostability of binary fullerene-based OSCs using an interface engineering
strategy under 1 sun condition and under indoor LED illumination. Then, for
traditional outdoor application, we have employed the ternary strategy by adding the
novel fluorinated metallophthalocyanines MPcFss and commercial ITIC-M or
PC70BM as third components in binary fullerene-based and binary nonfullerene-
based blends, respectively, to improve the device efficiency and stability. Yet, the
ternary strategy can be applied to the semitransparent nonfullerene-based OSCs by
adding state-of-the-art Y-series nonfullerene acceptors. As last, we have introduced
combined frequency and time-resolved techniques to study in-depth the shelf

lifetime degradation of OSCs in accordance with the ISOS-D1 protocol.

In Chapter 3, the device performance and stability of fullerene-based binary
OSCs under outdoor (1 Sun condition) and indoor (2700 K LED) illumination were
comparatively investigated. A cathode interface engineering using three different
ETL materials has been demonstrated to significantly affect the indoor OSCs
performance, especially the leakage-current, trap-assisted recombination, and charge
collection efficiency. It was found that choosing the proper properties of ETLs such
as metal oxide ETLs TiOx and ZnO could improve the parasitic resistance effect in
indoor OSCs, thus their indoor efficiency was increased by almost two-folds,
whereas organic ETL such as PFN suffered more with the higher leakage-current,

showing a slightly increase in the indoor efficiency. In addition, we analysed the
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photostability study and degradation mechanism of highly efficient indoor OSCs
along with the photoaged OSC under AM1.5 G illumination to further accelerate the

commercialization of OSC on the Internet of Things (IoT) market.

In Chapter 4, we synthesized fluorinated zinc and copper
metallophthalocyanines MPcFss and incorporated them as third components in
fullerene-based binary PTB7-Th:PC70BM blend to construct an efficient ternary BHJ
OSCs. The effect of different central metal atoms from MPcF4s small molecules as
third component on the performance of ternary OSCs has been investigated.
Employing copper as metal atom substitution in the third component of TOSCs
enhanced Jsc as a result of complementary absorption spectra in the near-infrared
region. In combination with Jsc enhancement, suppressed charge recombination,
improved exciton dissociation, and charge carrier collection efficiency, and better
morphology led to a slightly improved FF, resulting in a 7% enhancement of PCE
than those of binary OSCs. In addition to the increased PCE, the photostability of
TOSCs has also been improved by the appropriate addition of CuPcFss. Detailed
studies implied that metal atom substitution in phthalocyanines is an effective way

to improve Jsc, FF, and thus the performance and photostability of TOSCs.

In Chapter 5, nonfullerene acceptor ITIC-M and fullerene acceptor PC70BM
which have higher lowest unoccupied molecular orbital (LUMO) and good
miscibility with nonfullerene acceptor Y7 were incorporated as third components in
the state-of-the-art of PM6:Y7 binary blend. Over 7% enhancement in PCE for both
ternary OSCs was achieved, from 16.46% for binary host OSCs to 17.73% and
17.67% for ITIC-M-based and PC70BM-based ternary OSCs, respectively. The
higher LUMO of the third component could play multiple roles in elevating the open-
circuit voltage (Voc) such as reducing energy-loss and reverse saturation current,
creating less-localized shallow trap sites along with suppressing charge
recombination and Urbach energy. Moreover, the good miscibility facilitates an

alloy-like phase in acceptors domain for efficient exciton dissociation and carrier
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transport, which leads to improved short-circuit current density (Jsc) and fill factor
(FF) in ternary devices. Our results provide a promising approach to realizing high
performance of ternary OSCs by synergizing compatible third component with a host

acceptor.

In Chapter 6, we investigated the semitransparent properties, device
performance, and the operational stability (thermal- and photo-stability) of PTB7-
Th:IEICO-4F OSCs by adding Y-series nonfullerene acceptors as ternary
components. A series of ternary OSCs with near-infrared Y-series nonfullerene
acceptors (mainly Y1, Y5, Y6 and Y7) were comparatively studied as third
components in semitransparent PTB7-Th:IEICO-4F binary blend to balance the
trade-off between the PCE, AVT, and operational stability for the practical
applications of ST-OSCs. The photovoltaic, transmittance and stability behaviors of
the resultant ternary OSCs differ significantly by introducing different Y-series
NFAs materials. When blended with PTB7-Th:IEICO-4F with the PCE of 11.86%,
the PCEs of 11.32%, 11.55%, 13.02%, and 12.32% were yielded for opaque Y1, Y5,
Y6, and Y7 based ternary OSCs. Then, a series of ST-OSCs were prepared with 10
nm Ag as the electrode. The different photovoltaic performance as well as the
difference in AVT values were observed using different Y-series NFA materials. The
ST-TOSCs based on PTB7-Th:IEICO-4F:Y 6 with a modified Ag electrode thickness
of 10 nm achieve the highest LUE of 2.35% as the product of good PCE of 8.47%
and high AVT of 27.77% among the other Y-series incorporated ST-TOSCs with an
alloy-like dominant mechanism. Moreover, Y6 based ST-TOSCs exhibited good
thermal and photostability under inert conditions. Our findings indicate that ternary
strategy with a proper selection of ultra-narrow band gap third components materials
should provide great potential toward well-balanced PCE, AVT, and operational
stability of ST-OSCs.

In Chapter 7, the stability study of organic solar cells specifically on the shelf
lifetime analysis of PTB7-Th:PC7;0BM-based OSC using combined frequency and
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time-resolved techniques was discussed. In accordance with the ISOS-D1 protocol,
we observed the whole degradation process of each layer with the aid of advanced
photophysics techniques: IS and TPV/TPC. The increase of trap density in the active
layer was revealed by TPV/TPC measurement, while the change in interface trap

density due to the interfacial defect upon degradation was further confirmed by IS.

8.2 Outlook

Ternary organic solar cells along with an interface engineering strategy have
shown promising approaches to realize high-performance and stable devices for
versatile applications such as indoor OSCs and semitransparent OSCs. Figure 8.1
depicts a schematic diagram of the key factors to design high-performance and stable

OSCs for near-future application using interface engineering and ternary strategies.

Charge transfer
Ternary Energy transfer
Interfaces “ SEE # Alloy-like
layer _li
‘ Photo-physics ’ Parallel-like
Energy level Wﬂ“l
L alignment
.2 Iy gy VoolsoFF
Nano- i Ternary N —
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Figure 8.1 Outlook for high performance and stable organic solar cells by synergizing
interface engineering and ternary blend strategies.
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Figure A.1 *C NMR spectrum of phthalonitrile 1 in CDCls.
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Figure A.4 °F-°F 2D NMR spectrum of ZnPc¢Fss in THF-ds.
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APPENDIX 2. Supporting Tables

Table A.1 Optimization of D:Aj:A; weight ratio and solvent vapour annealing (SVA)
treatment for PTB7-Th:PC70BM:CuPcF4s in inverted solar cells. Average values were
obtained from over 10 devices for weight ratio optimization and over 3 devices for SVA

treatment.

D:Ai:A; SVA Jsc Voc FF PCE
[Yow/w] [mA-ecm?] [V] [%] [%]
1:1.5:0 - 16.82 0.78 68.22 9.01
SVA 14.77 0.80 65.47 7.78

1:1.47:0.03 - 17.90 0.78 68.54 9.57
SVA 16.18 0.79 64.86 8.37

1:1.44:0.06 - 14.08 0.77 71.18 7.69
SVA 14.32 0.78 63.81 7.10

1:1.4:0.1 - 15.63 0.73 64.70 7.37
1:1.38:0.12 - 13.24 0.76 58.07 5.81
SVA 11.79 0.33 28.30 1.12

1:0:1 - 0.06 0.32 0.24 0.01

Table A.2 Optimization of electron transport layer for PTB7-Th:PC;0BM:ZnPcF4s in
inverted solar cells. Average values were obtained from over 3 devices.

D:A:A; ETL Jsc Voc FF PCE
[Yow/w] [mA-cm?] [V] [%o] [%o]
1:1.5:0 PFN 16.82 0.78 68.22 9.01
TiOx 10.76 0.78 71.18 5.92

1:1.4:0.1 PFN 14.25 0.78 64.47 7.12

TiOx 11.87 0.70 58.84 4.88
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Table A.3 Optimization of D:A;: A, weight ratio for PTB7-Th:PC70BM:ZnPcF4sin inverted
solar cells. Average values were obtained from over 10 devices.

D:Ai:A2 Jsc Voc FF PCE
[Yow/w] [mA-cm?] [V] [%] [%]
1:1.5:0 16.82 0.78 68.22 9.01
1:1.47:0.03 14.25 0.78 64.47 7.12
1:1.4:0.1 14.25 0.78 64.47 7.12

1:0:1 0.29 0.33 0.50 0.03
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