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ABSTRACT

Organic photovoltaics (OPVs) are emerging as an attractive candidate for solar energy
harvesting due to their advantages in environmental compatibility, low-cost, flexibility and
transparency. The past few decades have witnessed substantial development in innovative
molecular and device architecture designs to improve the performance of OPVs. The ternary bulk
heterojunction (BHJ) devices stand out as one of the most widely employed strategies due to their
broad absorption, efficient photocurrent generation and simple fabrication process. This thesis
explores the working principles of ternary OPVs and demonstrates their application in high
efficiency and scalable OPV devices.

The first part of the thesis focuses on the photogeneration process in ternary OPVs. We test
the validity of the concept of “molecular alloy” by investigating the optoelectronic properties of a
representative ternary system. Furthermore, we show that the end-capping exchange reaction
between acceptor-donor-acceptor type of non-fullerene acceptors (NFAs) generates up to four
unexpected molecular species in the ternary BHIJs, leading to reduced reproducibility and
reliability of OPV devices. The dipolar reaction products of the end-capping exchange are shown
to reorient over time and impact the dielectric properties and device performance.

In the second part, we present the application of ternary OPVs in multi-junction devices
and semitransparent modules. With the extended absorption in near-infrared (NIR) provided by a

ternary sub-cell, we demonstrate high efficiency tandem OPV device. In addition, it is essential to

X1V



develop a scalable fabrication process of modules to commercialize OPV technology. We study
the resistance loss when scaling up semitransparent OPV (ST-OPV) devices and demonstrate
ultrafine metal grid structure in a prototype module to realize negligible efficiency loss from series
resistance. Moreover, we introduce a high resolution, non-destructive multilevel peel-off
patterning method in the fabrication of ST-OPV modules. Combined with a NIR-absorbing ternary
BHIJ, the ST-OPV mini-module simultaneously achieves high light utilization efficiency and
geometric fill factor. The demonstrations in this dissertation provide insight to further understand

the mechanisms, and then advance the application of ternary OPVs.
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Chapter 1

Introduction

Organic semiconductors possess the chemical and mechanical benefits of organic
compounds and the electronic properties of semiconductor materials. Owing to these features,
organics have become an attractive solution to high performance, low cost and lightweight
optoelectronic devices on flexible substrates over large area.!” The past few decades have
witnessed the vast development of organic light emitting diodes (OLEDs) which are widely
employed in the information display and solid-state lighting industry.*® The success of OLEDs
has also facilitated the understanding of device physics as well as the evolution of fabrication
technology of organic optoelectronic devices. As another application of organic semiconductors,
organic photovoltaics (OPVs) are emerging as a promising alternative to convert solar to electrical
energy. Although OPV technology is still in the transition stage from laboratory to commercialized
products, the performance of OPVs has been steadily advancing towards power conversion
efficiency (PCE) exceeding 20%° '3 as well as exceptional operational stability,!*!> which are
comparable to the most efficient thin-film solar cell technologies. This chapter will give a brief

introduction on the fundamentals of organic semiconductors and OPVs.



1.1 Properties of Organic Semiconductors

Although both are semiconductors, organic semiconductors have distinct properties
compared to their inorganic analogs owing to the differences in the fundamental structures of the
materials. Table 1.1 summarizes the main differences between organic and inorganic
semiconductors.! In organic solids, molecules are bonded through van der Waals force, which is
in contrast to inorganic materials consisting of chemically bonded atoms. The large dielectric
constant (usually >10) of inorganic semiconductors lead to a small exciton binding energy on the
order of 5-10 meV. Therefore, the Wannier-Mott excitons in inorganics can dissociate at room
temperature. The organic materials, however, have low dielectric constant around 3, resulting in
tightly bonded electron-hole pair, the Frenkel exciton, with large binding energy. Due to the charge
transport mechanism of polaron hopping, organics exhibit much lower mobility than the inorganics.
On the other hand, organic materials show advantage in their much higher absorption coefficient.
This section will explain the properties of organic semiconductors in detail and the advantage of

these unique characteristics in applications.

Table 1.1 Comparison of properties of inorganic and organic semiconductors.

Property Inorganic Organic
Bond Type covalent/ionic van der Waals
Exciton Wannier-Mott Frenkel
Exciton Binding Energy ~5-10 meV ~ 500-1000 meV
Absorption Coefficient 10°-10* cm™ 10°-10° cm™
Charge Transport band transport polaron hopping
Charge Mobility ~ 1000 cm*/V-s <1lcem?V-s
Dielectric Constant 10-15 2-3




1.1.1 Organic Molecules

Organic semiconductors are composed of organic molecules that are mainly made up by
carbon and hydrogen atoms, with a few other elements such as oxygen, nitrogen, sulfur and
halogens. The organic materials employed in optoelectronics applications are generally classified
into two categories: small molecules and polymers. The small molecules are single-unit molecules
with well-defined and relatively small molecular weights. They can be deposited by either vapor
deposition or solution processes. Figure 1.1 shows examples of two typical types of organic small
molecules, the fullerene molecule C70 and the non-fullerene molecule BT-CIC. In contrast,
polymers are composed of repeating units along a chain and have large and uncertain molecular
weights, which can only be deposited by solution process. An example of a widely used polymer

PCE-10 is shown in Fig 1.1.

small molecule polymer

Figure 1.1 Examples of organic molecules.
Chemical structures of small molecules C70 and BT-CIC, and polymer PCE-10.

In contrast to inorganic semiconductors where atoms are mostly bonded through strong
covalent or ionic bonds, the organic molecules are held together by the much weaker van der Waals

force.!® Therefore, inorganic semiconductors often show charge delocalization among all



periodically arranged atoms and thus a density of states (DOS) spreading over a large bandwidth,
resulting in the continuous energy band structure as shown in Fig. 1.2(a). The electronic
wavefunction in organic semiconductors, however, is localized at individual molecules, leading to
discrete energy levels with narrow bandwidths as shown in Fig. 1.2(b).

The electron orbitals of organic molecules can be calculated based on the Born-

Oppenheimer (B-O) approximation'” which separates the electronic and nuclear components:

Yiotar = YerVvinOspins (L.1)
where %o 1s the total wavefunction of a molecular state, % is the electronic spatial
wavefunction, %, is the nuclear vibrational wavefunction, and oipin is the electronic spin
wavefunction. Assuming that the nuclei of the molecule are relatively stationary compared to
electrons, the electronic states can be solved from the eigenstates of Schrodinger’s equation based
on the electronic wavefunction of an N-electron system, which is the product of the one-electron
wavefunctions, ¥,; = []; W,;;. The density functional theory (DFT) is also employed to calculate
the molecular orbitals of complex systems.

Analogous to the valance band in inorganic semiconductors, the highest energy molecular
orbital that contains an electron at the ground state is called the highest occupied molecular orbital
(HOMO). Similarly, the lowest unoccupied MO (LUMO) is the energy level directly above the
HOMO which contains no electron in the ground state is analogous to the conduction band in
inorganic semiconductors. The energy offset between these two frontier orbitals is the energy gap,
E,. These frontier orbitals are highly sensitive to the molecular structures, allowing for tuning of

optoelectronic properties through chemical modification.
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Figure 1.2 Energetic diagram of semiconductors.

Schematic illustration of (a) the energy bands of an inorganic semiconductor and
(b) the energy levels of an organic semiconductor. Figure reproduced from Ref.!

1.1.2 Excitons

Upon excitation, the distribution of electrons over the molecular orbitals changes
accordingly. As illustrated in Fig. 1.3(a), the configuration of the ground state, So, has all the
electrons fill the orbitals up to HOMO, whereas the configuration with one of the electrons at
HOMO excited to the LUMO, leaving the other electron with opposite spin at the HOMO, is
known as the first singlet excited state, Si. The vacancy left by the excited electron is considered
as a hole which carries a positive electron charge. Such a Coulombically bounded electron-hole
pair is treated as a quasi-particle that can transfer energy among molecules, which is called an
exciton. The Coulomb interaction between the electron and hole results in the exciton state energy
lower than the E, by the exciton binding energy, Ey = q*/4me, 412, where g is the electron charge,
& 1s the relative dielectric constant, & is the vacuum permittivity and 7 is the exciton radius.

Depending on the magnitude of Ep, there are three types of excitons: Frenkel excitons,

charge transfer (CT) excitons, and Wannier-Mott excitons, as shown in Fig. 1.3(b). The most



common excitons in organic semiconductors are Frenkel excitons where the electron-hole pair is

usually confined at a single molecule, resulting in the largest binding energy > 200 meV among

the three types.'® The CT excitons are shared between neighboring molecules and the electron and

hole are spatially separated.!” The Wannier-Mott excitons are the most delocalized with the

smallest binding energy << 100 meV,?® which typically exist in the high dielectric constant

inorganic semiconductors.
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Figure 1.3 Illustration of excited state and excitons.
(a) The orbitals diagram of ground state So and excited state Si1, with arrows representing electrons
with spin up and down. (b) Three different types of excitons and their characteristics.

1.1.3 Optical Properties

The optical transition, i.e., absorption and emission, between the ground and excited states

is illustrated in Fig. 1.4. While the electrons are treated separately based on the B-O approximation,

the vibrational motion of atomic nuclei introduces another important subset of energy levels in the

ground and excited state manifolds, called the vibronic states. The configuration coordinate, Q,

represents the configuration of the nuclei in the organic molecules. Based on the Franck-Condon

(F-C) principle,?! the nuclear configuration does not change immediately upon optical transition,



the transitions between different states are vertical to the O axis as shown in Fig. 1.4(a). As the
molecules at higher vibrational levels rapidly relax to the 0™ level via changes in Q, the transitions
between states preferentially originate from the lowest vibrational sublevels in the manifold,
resulting in the mirror-symmetry in the absorption and emission spectra of organic semiconductors
as shown in Fig. 1.4(b).?22* In solution or solid, an energy difference between the 0-0 transitions
in absorption and emission is commonly observed due to the solvation effect from surrounding
molecules. This offset is also referred to as the Stokes shift.
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Figure 1.4 Optical transition energy diagram and spectra.
(a) Energy diagram of transition from ground state So to the first singlet excited state Si based on
Franck-Condon principle. Figure reproduced from Wikipedia: Franck-Condon principle. (b)
Absorption and emission spectra of tetracene. Figure reproduced from Ref.?

The transition rate k;rbetween an initial state % and a final state ¥;is determined by Fermi’s

Golden Rule:**
2m - 2
kip = < (P H )]y (1.2)
where pf is the density of the final states. The perturbation Hamiltonian is approximated by

electric dipole transition, such that H = —p - F, where g is the dipolar operator and F is the optical



electric field. By inserting the total wavefunction in Eq. 1.1 to Eq. 1.2, the transition rate can be

expressed as:

21

kip =~ pp[(Peri|—n- F|Wer o) (oini| Woin,r)| [ (ail 7). (1.3)

The first term in Eq. 1.3 is the electronic factor that controls the overall intensity of the
transition. This integral requires opposite parity between the initial and final states to be non-zero.
The value of this integral scales with the overlap between the electronic wavefunctions of the
initial and final states as well as the value of the transition dipole moment . The second term is
the vibrational factor, which is also referred to as the Franck-Condon-factor. This integral indicates
that transition between two vibronic states with larger overlap has a higher probability than that
with smaller overlap. The last term is the spin factor, which is non-zero only when the spins of the
initial and final states are equal, therefore forbidding transitions between a triplet and a singlet
state. Nevertheless, the phosphorescence from Ti to Sp is observed in the presence of spin-orbit
coupling, in which case the spin and orbital angular momenta are coupled and only the total angular
momentum needs to be conserved during the transition.? This effect can be enhanced by
introducing heavy metal atoms in the molecules, which is a widely used strategy to achieve highly

efficient phosphorescent OLEDs.*

1.1.4 Exciton Transfer
The discussion above focuses on the dynamics of excitons within the molecule, whereas
the excitons can also transfer energy between molecules. Figure 1.5 illustrates the three types of
exciton transfer in organic semiconductors: Dexter transfer, Forster transfer, and radiative energy

transfer.
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Figure 1.5 Three types of exciton energy transfer.
Three types of exciton energy transfer in organic semiconductors: the near-field
energy transfer Dexter and Forster transfer, and the far-field radiative energy transfer.

Dexter transfer, as shown in Fig. 1.5, happens when two molecules are in close contact,
typically within 1 nm.?* The electron on the excited state of the energy donor is directly transferred
onto the excited state of the acceptor, with simultaneous electron transfer between their ground
states. The energy transfer rate kzr of Dexter transfer as a function of the distance between donor

and acceptor molecules is given as:

J 2Rp A

kpp < ——e L , (1.4)
Rpa

where Rp4 is the distance between the molecules, J is the spectral overlap between donor emission
and acceptor absorption, and L is the effective average orbital radius.

Forster transfer, also known as the fluorescent resonant energy transfer (FRET), originates
from the non-radiative resonant dipole-dipole coupling.?® The transfer rate is derived from Fermi’s

golden rule with Coulomb interactions:

kgr = i(&)6, (1.5)

Tp \Rpa
where 7p is the exciton lifetime of the donor molecule and Ry is the Forster radius. When Ry, =

Ry, Eq. 1.5 yields kgzr = 1/7p, indicating that the Forster radius is the distance between molecules



at which energy transfer and spontaneous decay are equally probable. The Forster transfer is
efficient when Rpy4 is within 10 nm, which is longer than Dexter transfer distance.

In addition to the two types of near-field energy transfer, the third type is far-field radiative
energy transfer through photon emission from the donor, which is subsequently absorbed by the

acceptor. The radiative energy transfer can occur at distances of hundreds of nanometers.

1.1.5 Electronic Properties

In contrast to inorganic semiconductors where charge experiences coherent band transport,
a charge is localized on a single molecular site in organics. In organic semiconductors, the electron-
phonon interaction overwhelms the charge exchange interactions, leading to enhanced charge
scattering and thus charge localization. In the limit that the charge is scattered at each molecular
site such that the charge mean free path is similar to the distance between molecules, the charge
transport becomes incoherent and hopping transport takes over band transport. The charged
molecule also influences its neighbors through polarization effect, and the local polarization moves
together with the charge. Thus, the charge forms a small polaron which is the combination of
charge and polarization, and charge transport occurs via inter-site polaron hopping.2’-?® The
polaron hopping transport in organic semiconductors leads to much lower charge mobility

compared to inorganics.

1.1.6 Advantages of Organic Optoelectronics
Owing to their unique properties, organic semiconductors provide distinct advantages in
their application in optoelectronic devices. First of all, the non-toxic nature of the materials as well

as the byproducts during fabrication makes organic electronic devices environment compatible. In
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addition, organic materials can be deposited with vacuum deposition or solution processes at room
temperature, thus lowering the energy consumption compared to conventional semiconductors
such as Si that require high temperature processing.

Moreover, organic materials are soft and fragile due to the weak intermolecular van der
Waals force, which makes it possible for deposition over large areas on a variety of flexible
substrates. Such properties give rise to the high throughput, roll-to-roll (R2R) manufacturing of
organic optoelectronic devices, as shown in Fig. 1.6(a),?® which can reduce the production cost.>

Furthermore, organic semiconductors can allow for transparency across the visible
spectrum with selective absorption in the near-infrared (NIR) due to their relatively narrow
excitonic absorption spectra, leading to semitransparent devices that have wide application in
building integrated photovoltaics (BIPVs).>!=3 Figure 1.6(b) shows a photo of a prototype
semitransparent OPV (ST-OPV) module, Chapters 6 and 7 will provide further discussion on the

realization of scalable ST-OPVs.

(a) (b)
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Figure 1.6 Advantages of organic optoelectronic devices.

(a) Roll-to-roll (R2R) manufacturing of organic electronic devices due to their capability of deposition
over large area and flexible substrates. Figure reproduced from Ref. 2 (b) Photo of a semitransparent
organic photovoltaic (ST-OPV) module.
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1.2 Fundamentals of Organic Photovoltaics

With continuously growing demand in energy consumption, shifting from fossil fuels to
renewable energy sources has become an essential step to avoid depletion of resources and
detrimental influences on the global environment. Among all renewable energy technologies,
photovoltaic (PV) technology that transfers solar energy to electronic energy is one of the most
promising solutions. With the vast success of OLED, OPVs are attracting increasing attention from
the PV industry for their potential application in low cost, large area solar panels with transparency
across the visible spectrum. This section will briefly review the fundamental concepts of OPVs
from operation principles to devices architectures, and introduce the concept of the ternary OPV,

a widely used strategy to improve OPV performance.

1.2.1 Basics of OPV Operation

An essential element to the photocurrent generation in OPVs is the heterojunction (HJ)
between organic molecules. As the Frenkel exciton generated by light absorption has a large
binding energy that prevents the separation of charge carriers, a type-II heterojunction between
organic molecules with different HOMO and LUMO levels is employed in the photoactive region
to assist exciton dissociation. The molecule with shallower energy levels (relative to vacuum level)
is called a donor (D) molecule as it will give away an electron during photogeneration, whereas
the molecule with deeper energy level is called an acceptor (A) molecule as it will receive an
electron in the process. As illustrated in Fig. 1.7, the photogeneration process in an organic HJ
contains four steps. The absorption of photon generates an exciton (step 1), which subsequently
diffuses towards the D-A interface (step 2). At the HJ interface, the electron tends to occupy the

LUMO of the acceptor while the hole prefers the HOMO of the donor due to the energy offset

12



between donor and acceptor molecules, resulting in exciton dissociation. At this step, the electron
and hole are spatially separated on two neighboring molecules while still bound by Coulomb
interactions, forming a bonded polaron pair (PP), also known as the CT state (step 3), which can
either dissociate to contribute to photocurrent, or recombine. At the last step, the bonded PP is
dissociated into free charge carriers which will be collected by corresponding electrodes (step 4).
The external quantum efficiency (EQE), defined by the number of charges collected at
electrode per incident photon, is the product of the efficiency of these four steps:
Nege = NaNepNcrlces (1.6)
where 7,4 is the absorption efficiency, ngp is the exciton diffusion efficiency, nqr is the charge

transfer efficiency and 1. is the charge collection efficiency.
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Figure 1.7 Schematic illustration of photogeneration at organic heterojunction.

Step 1: exciton generation upon photon absorption. Step 2: exciton diffusion to heterojunction (HJ) interface.
Step 3: exciton dissociation into bonded polaron pair, also known as charge transfer state. Step 4: dissociation
into free charge and collected by electrodes.

Based on the generation, dissociation and recombination of PPs, a generalized ideal diode
equation for organic HJs was derived by Giebink et al.>* with the processes illustrated in Fig. 1.8.
The density of PPs is ¢, and {,, is the density of PPs at thermal equilibrium. The excitons diffuse
to the HJ to form PPs at a rate of Jy/a,, with exciton flux Jy and the electron-hole separated by
distance a,. The PPs recombine to the ground state at a rate of kpp,, or dissociate into free charges

at a rate of kppy. The current density J contributes to the free carrier density, n; and p;, at the HJ
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interface at a rate of J /qa, (q is the electron charge), whereas the free carriers recombine to form

PPs at a rate of k.
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Figure 1.8 Processes at organic heterojunctions.
Schematic of the processes related to polaron pairs occurring at organic heterojunction.
Figure reproduced from Ref.3

At steady state, the density of PPs and free carriers does not change, therefore the processes

can be described via:
2 kobr (¢ = Geq) = kppad + krecnypy = 0, (1.7)
and i + kppa{ — kpoetyp; = 0. (1.8)

Solving Eqgs. (1.7) and (1.8) yields the ideal diode equation of organic HJs in the absence of traps:

kppde

k
J = Jo | exp(aVa/ksT) = 2222 | — qnppals (19)
where V, is the applied voltage, kg is Boltzmann constant, T is temperature, kppg ¢q 1S Kppg at

thermal equilibrium, and npp,; = kk+P;: is the PP dissociation probability. The first term in Eq.
PPd PPr

(1.9) describes the dark current density with a pre-factor J¢,, known as the saturation dark current.
The second term is the photogenerated current.

Due to a molecular disorder in most OPVs, the DOS around the HOMO and LUMO is
broadened into a Gaussian distribution, whose low-energy tail can be treated as traps, leading to

ideality factor n > 1 and modified diode equation:
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k k
] =Jsp |exp(qVy/npkpT) — ﬁ] + Jsa [exp(an/nAkBT) - kﬂ qnppaly, (1.10)

PPd,eq B
where the dark saturation current /i, and ideality factor nj originates from the traps on donor
materials, and /4 and n, originates from acceptors.
Furthermore, to include the influence of series resistance, Rg, Eqs. (1.9) and (1.10) can be

further modified by substituting V, with (V, — JRs).

1.2.2 Device Architecture

In an OPV device, an organic HJ is employed in the photoactive layer to absorb light and
generate photocurrent. The first successful OPV device was based on a planar HJ structure as
shown in Fig. 1.9(a),*> where donor and acceptor materials are deposited in sequence as separate
layers. The advantage of such a planar HJ is that once the polaron pair is dissociated at the interface,
the charge carriers have continuous extraction path to reach their corresponding electrodes, leading
to high ... However, the planar HJ requires that excitons generated at the donor or acceptor layer
needs to diffuse to the interface. Therefore, the thickness of the photoactive layer is limited by the
relatively short diffusion length of excitons to maintain a high ngp, which in turn significantly
reduces the absorption of the layer, 174. Due to this limitation of the planar HJ, the blended bulk
HJ (BHJ) was introduced where the donor and acceptor materials are mixed together in the
photoactive layer,*®37 as shown in Fig. 1.9(b). The BHJ structure can simultaneously achieve high
Ngp and n4 as the HJ interface is dispersed across the whole layer and the excitons do not need to
diffuse over long distance. Compared to planar HJ, the BHJ leads to a reduced 1 due to lack of
continuous extraction pathways. Such deficiencies can be mitigated via optimization on

morphology and thickness. Other HJ structures such as chessboard HJ and planar-mixed HJ have
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also been demonstrated and investigated,*® while the BHJ is the most widely employed structure

owing to its simple fabrication process and high efficiency.

(a) (b)

I donor B acceptor

Figure 1.9 Two types of organic heterojunction (HJ) architectures.
Schematics of (a) planar HJ and (b) bulk HJ (BHJ).

The typical structure of a single-junction OPV device has the photoactive layer sandwiched
between buffer layers and electrodes, as shown in Fig. 1.10(a). The substrate is typically highly
transparent glass or plastic. The electrodes are used to collect the photogenerated charges. The
bottom electrode needs to be transparent to ensure that maximum amount of incident illumination
reaches the active layer. Transition metal oxides such as indium tin oxide (ITO) are widely
employed as this electrode owing to high transparency and low resistance, while efforts have also
been made to develop other transparent electrode materials.’® The choice for the top electrode
depends on the application. Typical opaque devices employ thick metal layers to ensure high
conductivity as well as reflectivity of unabsorbed light back to the photoactive layer for absorption,
whereas semitransparent devices require transparent top electrode whose deposition and treatment
method is non-destructive to the underlying organic layers. The buffer layers are also known as
the charge transporting layers since they transport certain type of charge carrier while blocking the
other type, as shown in the energy diagram in Fig. 1.10(b). Therefore, an electron transporting
layer (ETL) at the cathode side and a hole transporting layer (HTL) at the anode side help guide
the photogenerated charges to corresponding electrodes. Besides transporting charges, the buffer

layer may also serve as exciton blocking layers to confine excitons in the photoactive layer, and
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can protect the photoactive layer from subsequent deposition, especially to prevent penetration

from metal deposition.
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Figure 1.10 Typical structure of single-junction organic photovoltaic (OPV) device.
(a) Schematic illustration of the single-junction OPV device structure. (b) Energy diagram of the OPV in (a).

The single-junction OPVs face a trade-off between photocurrent and output voltage due to
the thermalization loss of the excitation by photon energies larger than the energy gap. By stacking
subcells with different energy gaps into a multi-junction device, the efficiency of the OPV can
exceed the thermodynamic limit of a single-junction device due to broader spectral coverage and
reduced thermalization loss. Figure 1.11 illustrates an example of the tandem OPV device structure
where two subcells are series-connected with a charge recombination zone (CRZ). The front
subcell with a wide energy gap absorbs the high energy photons, whereas the back subcell with a
narrow energy gap absorbs the low energy photons. The different charge carriers from the subcells
recombine in the CRZ, which balances the current of the tandem device. An ideal CRZ should be
highly transparent with good charge transport properties to reduce both the optical and electrical

losses.
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Figure 1.11 Illustration of tandem OPYV structure.
Device structure and working principle of a tandem OPV device with two
series-connected subcells.

1.2.3 Device Characterization

The current density-voltage (J-V) curve and the EQE spectrum are the most important
characteristics to understand the operation of a solar cell. Figure 1.12(a) shows the J-V
characteristics of an OPV device. The short-circuit current density (Jsc), open-circuit voltage (Voc)
and fill factor (FF) are the three main parameters that represent the ability of the OPV to generate
electric power. The Jsc and Voc are the intercepts of the illuminated J-V curve with the J and V
axes, respectively. The maximum power point (MPP) represents the maximum power (Prax)
generated by the cell, which is defined by maximizing the area of the shaded rectangle, and FF is

defined as

FF = luppVuep (1.11)

IJscVoc

Here Jypp and Vypp are the J and V at the MPP. Therefore, the PCE of OPV is described via:

PCE — Pmax — ]SCXVOCXFF’ (1.12)

inc Pinc
where Pj, is the incident power. A widely used standard reference solar spectrum is AM1.5G at

Pine = 100 mW/cm?.
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The photocurrent, J,, is the difference between the illuminated current and dark current.

As the dark current is zero at zero voltage bias, Jsc is also the J,» generated at zero bias, which can
be calculated by integrating the EQE of the solar cell over solar spectrum, such that:

Jsc = qanQE(A)d)sun(/l)dAa (1.13)

where ¢, (1) is the solar spectral photon flux density. The example of the EQE spectrum of an

OPV device is shown in Fig. 1.12(b), which is acquired by measuring the photocurrent generated

by the OPV under monochromated light.
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Figure 1.12 Characteristics of OPV devices.
(a) Current density-voltage (J-V) characteristics of OPV. (b) External quantum efficiency (EQE) of OPV.

It should be noted that the integral method generally provides a more accurate Jsc
compared to J-V measurements under a solar simulator. The mismatch arises from the spectral
mismatch between the solar simulator, a Xe lamp with appropriate optical filter, and the AM1.5G
spectrum. Therefore, it is important to calibrate the source lamp with a reference detector. The

spectral mismatch factor, M, is given by:

A A
_ fllz Esim()L)Stest(/l)d/1 fllz Eref()t)sref(/1)(1/'l

A

2 Ao 9 (1.14)
fll Eref(l)stest(l)dl fll Esim(/'l)sref()h)CUL

where Eg;, (1) and Er.f(4) are the irradiance spectra of the solar simulator and reference

spectrum, S;p:(A) and S,.r(4) are the spectral responsivities of the tested OPV cell and the
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reference Si detector. These parameters can be clearly understood with the illustration in Fig. 1.13.

When the solar simulator is calibrated by the reference detector so that it has same photocurrent

under the simulator as under reference spectrum, the Jsc measured under the simulator, Jsc sim, can

be calibrated to the Jsc,.r under reference illumination via:
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Figure 1.13 Calibration of solar simulator source with a reference detector.
(a) Irradiance of the solar simulator of filtered Xe lamp and reference AM1.5G spectra. (b) Relative
responsivity of reference Si detector and tested photovoltaic device. Figure reproduced from Ref.!

1.2.4 Advantage of OPVs: Semitransparent OPVs

(1.15)
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Despite the high efficiency achieved by OPYV, they are not competitive in the solar industry

when compared to low-cost Si solar panel (< 0.30 $/Wp). Therefore, to realize the successful

commercialization of OPVs, it is important to identify the appropriate niche for OPVs that

distinguishes them from incumbent solar technologies.***! As discussed in the previous section,

the unique feature of narrow excitonic absorption spectra of organic semiconductors allows for

transparency across the visible spectrum while selectively absorbing in the NIR, making them ideal

for applications as power generating windows in the BIPV industry.
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As illustrated in Fig. 1.14(a), the device structure of ST-OPVs comprises transparent
electrodes, a BHJ and charge transporting layers, as well as optical coatings. Figure 1.14(b) is a
summary of light utilization efficiency (LUE = PCE x APT) vs. average photopic transmission
(APT) of various of solar technologies.*> The solid lines represent the thermodynamic limit of
semitransparent PVs* as well as the calculated performance as a function of energy loss, Eoss,
which is the energy difference between ¢gVoc and the lowest energy of absorbed photons. The
calculations assume that the absorption is unity outside the visible region and (1-APT) inside the
visible range. The figure shows that increased APT leads to larger LUE, indicating that the
wavelength-selective absorption of OPVs allows for improvement in APT without sacrificing
efficiency. Owing to their unique absorption properties, OPVs are leading the record LUE = 5%,*

which surpasses both inorganic and perovskite based semitransparent PVs.
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Figure 1.14 Structure and performance of ST-OPVs.
(a) Schematic illustration of the layered structure of ST-OPVs with optical coatings. (b) Calculation of ST-PV
performances and comparison between ST-OPV and other ST-PV technologies.

To realize ST-OPVs for power generating windows, it is important to demonstrate high
efficiency as well as acceptable aesthetics, which depend on the development of NIR-absorbing
materials and optimal design of optical structures. Ideally, the photoactive layer should comprise

molecules with intense and narrow NIR absorption and low binding energy, E, while maintaining
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appropriate frontier orbital energy offsets, AE; ;p0 and AEy o0, between donor and acceptor for
efficient charge dissociation. To enhance visible transmission and NIR absorption, a reflecting
mirror should be integrated to the distal interface to reflect NIR light that is not absorbed in the
first pass through BHJ, as well as an outcoupling structure to improve APT and shape the
transmission spectrum. In addition, an antireflection coating on the substrate surface facing the sun
can maximize light coupling into the BHJ, and an ultraviolet (UV) filter can protect organic

materials from detrimental high energy photons. '

1.2.5 Ternary Organic Photovoltaics

As discussed above, the efficiency of a single-junction OPV comprising one donor and one
acceptor material is limited by the trade-off between Jsc and Voc. As the BHJ absorbs photons with
energy higher than the energy gap, decreasing the energy gap can broaden the absorption and
benefit Jsc. In contrast, Voc is limited by the offset between donor HOMO and acceptor LUMO,
which decreases with reduced energy gap. Despite the multi-junction strategy described above,
another simple approach to overcome this constraint is introducing a third component in the BHJ
to create a ternary OPYV, as shown in Fig. 1.15(a). The third component in the ternary BHJ acts as
an additional donor or acceptor, leading to broader absorption, as shown in Fig. 1.15(b), without
sacrificing Voc. In addition, the third component adjusts the aggregation properties of the ternary
blend. Examples of the third molecular species lying at the donor-acceptor interfaces embedded in
the domain of another component, and forming independent domains is shown in Fig. 1.15(c).*®
The tunability to optimize film morphology leads to reduced energy loss and facilitated charge
extraction. With these advantages, the PCE of single-junction ternary OPVs has steadily improved

9,13

to approach 20%.
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Figure 1.15 Concept and properties of ternary OPV.

(a) Device structure of OPV with a ternary blend BHJ. (b) Absorption spectra of three components in ternary OPV.
(c) Examples of different morphologies of ternary BHJ with the third component located at the donor-acceptor
interface, embedded within in the domain of donor or acceptor, and forming separate domain (left to right). Figure
reproduced from Ref.*

Compared to binary OPVs where the photogeneration occurs between one donor and one
acceptor, the working mechanism of ternary OPV is more complicated due to the existence of an
additional donor or acceptor species. Figure 1.16 illustrates the four prominent models for charge
generation, namely the charge transfer, energy transfer, parallel and alloy model, of ternary
OPVs*4 with the example of two donors and one acceptor. The situation with one donor and two

acceptors works similarly.
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Figure 1.16 Current models of ternary OPVs.
Energy diagram of current models of photogeneration in ternary OPVs. (a) Charge transfer model.
(b) Energy transfer model. (c) Parallel model. (d) Alloy model.

In the cases where the charge transfer mechanism dominates, the three components in the
ternary BHJ have energy levels in cascade alignment. As shown in Fig. 1.16(a), both donors
contribute to charge generation at interfaces between donor and acceptor or between donor 1 and
donor 2, whereas donor 2 molecules act as charge transfer intermediate. Holes generated at or
transferred to its HOMO will be subsequently transferred to the HOMO of donor 1. Similarly,
electrons on its LUMO will be transferred to the acceptor LUMO. Such ternary BHJs require blend
morphology where donor 2 molecules are located at the interfaces of donor 1 and acceptor
molecules to provide efficient charge transfer, as illustrated in Fig. 1.15(c). The Voc of such a

ternary OPV is pinned at the lower binary Voc (donor 1-acceptor binary Voc) independent of the
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blend ratio as only the HOMO of donor 1 and LUMO of acceptor carries the electrons and holes
to be collected at electrodes.

The energy transfer model illustrated in Fig. 1.16(b) has one component acting as an
absorber and transfers energy to other chromophores. While both donors absorb light and generate
excitons, only excitons at donor 2 dissociate and generate free charge carriers, whereas the excited
state at donor 1 transfers energy through Dexter or Forster transfer to excite donor 2 and return to
the ground state. Similar to the charge transfer mechanism, in the energy transfer model only two
components (donor 2 and acceptor) participate in the charge percolation and extraction, resulting
in a constant Voc independent of blend ratio.

The parallel model assumes that the ternary OPV is composed of two binary subcells, donor
I-acceptor and donor 2-acceptor, which work independently and contribute to the performance as
parallel-connected diodes. As shown in Fig. 1.16(c), the two donors have their independent charge
transport channels, requiring interfaces with the acceptors of both donor molecules. As a
consequence of the parallel-connected circuit, the photocurrent generation of the ternary OPV is
the sum of two constituent binary diodes, which is the weighted average of the J;. of corresponding
binary OPVs based on the composition of the ternary blend.*® In addition, the Voc of the ternary
OPV is between those of binary cells and varies with the proportion of the blend constituents.

In contrast to the previous three models where charge transfer happens between the energy
levels of the three components, the fourth mechanism, the alloy model, proposes that the two
similar components form an organic alloy, or a molecular alloy, with new energy levels that are
between those of the two components. As shown in Fig. 1.16(d), the exciton generation and charge
transfer happen on the new energy levels of the donor alloy. The energy levels of the alloy, and

thus Voc of the ternary OPYV, is a function of the ratio between the two donors, analogous to an
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inorganic semiconductor alloy. Although this organic alloy formation has been claimed in many
ternary BHJs, well-defined criteria of such molecular alloy, as well as clear evidence of the
emergence of new energy levels and CT states are still missing, which will be further discussed in

Chapter 2.

1.3 Organization of the Thesis

Since the invention of ternary BHJs, ternary OPVs have become one of the most widely
employed strategies to improve efficiency. The major goal of this thesis is to investigate the device
physics of ternary OPVs and explore their applications in high efficiency and scalable OPV devices.
Chapter 2 focuses on the validity of the concept of a molecular alloy, which has been frequently
mentioned in ternary OPVs while lacking clear and uniform definition in the past. We propose the
criteria that a molecular organic alloy should meet and the procedure to identify its formation to
avoid ambiguity. Specifically, the optoelectronic properties of a ternary OPV system are
investigated, which indicate the absence of an organic alloy in the BHJ. In Chapter 3, an end-
capping exchange reaction between archetype non-fullerene acceptors (NFAs) is found to occur
during device fabrication. It influences the reproducibility and reliability of ternary OPV devices
comprising one donor and two NFAs. This discovery unlocks new insights to understand the
working mechanism of ternary OPVs. Chapter 4 provides further study on the impact of the dipolar
reaction products on the dielectric properties and performance of ternary OPVs over time. The
results suggest that dipolar molecules in organic electronic devices can negatively impact their
operational stability. Chapter 5 moves to the application of ternary OPVs in high efficiency solar
cells. A ternary subcell is employed to improve the PCE of a tandem device due to the extended

absorption in the near-infrared (NIR). Chapters 6 and 7 focus on the scalability of ST-OPV devices,

26



which is an essential step towards commercialized products. Chapter 6 investigates the resistance
loss when scaling OPV devices. Ultrafine metal grids are designed and realized to reduce the series
resistance and achieve an ST-OPV module with minimal PCE loss. Another considerable loss
channel in an OPV module is the large interconnection area between constituent cells due to lack
of non-destructive, high-resolution patterning method. Chapter 7 introduces a multilevel peel-off
method that can realize micron-scale patterning over a large device area. Compared to the state-
of-art laser ablation method, the peel-off patterning achieves equally high resolution while
avoiding the potential damage to organic materials. With the peel-off method, a ternary BHJ-based
high efficiency ST-OPV module was fabricated with geometric fill factor over 95%. Lastly, we
summarize the unsolved issues in ternary OPVs and provide an outlook on the applications of

OPVs in the BIPV industry in Chapter 8.
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Chapter 2

Alloy or Blend: Analysis of Ternary Organic Photovoltaics

In inorganic materials, an alloy is a mixture of two or more substances that generally
exhibits electronic and/or physical properties that differ from those of its constituents. In organic
systems, the formation of a “molecular alloy” comprising mixtures of molecular organic materials
has also been proposed. In this chapter, we test the validity of this concept via the study of the
optoelectronic properties of a ternary system that has previously been identified to form a
molecular acceptor alloy, namely a blend of a P3HT donor, with two acceptors ICBA and
PCsiBM.! Using photoelectron spectroscopy, we find that the ICBA:PCsBM blend shows the
same highest occupied molecular orbital and exciton energies as that of ICBA, indicating the
absence of a new exciton state in the blend. Furthermore, charge transfer state spectra of ternary
blends are found to comprise a simple linear superposition of the corresponding binaries. From
these results, emergent electronic states are not found to support the existence of a molecular alloy
in this system. We discuss the criteria that should be met by a molecular organic alloy and
procedures needed for their unambiguous identification. To our knowledge, there is as yet no clear

evidence of the existence of an alloy in any organic semiconductor system.
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2.1 Criteria of Molecular Alloy

An alloy is commonly understood to be a physical mixture of two or more constituents
with variable proportions that exhibits electronic and/or physical properties different from its
components.> Common examples of metal alloys are steel (C + Fe) or brass (Zn + Cu). Binary
semiconductors such as SixGe1.x, ternary semiconductors such as InxGai.xAs, and other quaternary
and quintenary inorganic semiconductors are also commonly referred to as alloys.? All of these
materials have optical and electrical properties that are distinct from the substances of which they
are comprised. The physical properties (i.e. Young’s moduli, melting points, etc.) are also different
in most alloy mixtures than in their constituents.® Their characteristics derive almost entirely from
the strong chemical bonds formed between atoms in the mixtures.

In contrast to inorganic alloys comprising atomic constituents, organic materials are
bonded by far weaker, electrostatic van der Waals forces. It has been proposed that in some cases
these weakly bonded organic mixtures form a new substance which is called a “molecular alloy”.
One potential class of molecular alloys are CT salts and their solid solutions,*® another are organic
eutectics.””!* The formation of molecular alloys has also been claimed to be observed in disordered
organic solid solutions.!* Recently, ternary blends in the active regions of OPV cells and so-called
organic co-crystals have been identified to form organic alloys.!!>23 Although there has been
frequent mention of molecular organic alloys over many decades, to our knowledge no uniform
framework has been developed to clearly define what is meant by this term, and how an organic
alloy differs from chemically bonded mixtures whose electronic, optical and physical properties
are not a mere extrapolation of those of the individual constituents.

A chemical bond between organic molecules commonly results in an entirely new

compound, not an alloy mixture. Given the absence of chemical bonds between molecules, the
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correspondence between a molecular organic alloy and alloys found in metals and inorganic
semiconductors admittedly cannot be precise. The weak and electrostatic nature of van der Waals
forces in molecular alloys as compared with chemical bonds in atomic alloys implies that the term
alloy, itself, will have a different meaning for mixtures in these different systems. To clarify these
substantially different definitions, we propose that a molecular alloy should meet with the
following criteria:

1. It should be a physical mixture of two or more species of organic molecules with no
chemical reaction occurring during mixture formation. The proportion of constituents can
vary over a wide range.

2. Itshould have electron orbital interactions between different molecular species that result
in modifications of electronic states that cannot be ascribed to a simple linear
superposition of those inherent to the constituents.

3. The orbital interactions should lead to electronic or physical properties clearly
distinguishable from those of its constituents.

Note that electron transfer between molecules needs special attention relative to Criterion
2. For example, the electron transfer in a donor:acceptor blend is driven by the energy offset
between the corresponding states in the participating molecules. This does not meet the
requirements of Criterion 2 if the inherent properties of the electronic states involved are left
unchanged by the transfer process. The changes in electronic or physical properties mentioned in
Criterion 3 are often observed. Specifically, changes in electronic properties have often been used
to claim the formation of a molecular organic alloy.!*67:15-1822 A]go, changes in physical properties
(e.g. eutectic formation) may also indicate the presence of an alloy.'®!? These changes are also

often the result of electronic interactions. Unfortunately, most prior studies have not provided
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evidence that the other two criteria are also fulfilled.

2.2 Characterization of a Ternary OPV System

To identify the existence of molecular alloy, we investigate a ternary mixture that forms
the active region of an OPV cell that has previously been claimed to be an organic alloy.! The
ternary system comprises a donor (D) P3HT, blended with two acceptors ICBA (A1) and PCs1BM
(A2).1"** Evidence for the existence of an alloy between the two acceptors was based on the
observed dependence of the CT state absorption energy and the Voc of the OPV on the blend ratio.
Although these composition-dependent electronic properties may suggest the formation of an
organic alloy, investigation of the origins of the observed changes are needed to identify whether
they fully meet the three criteria discussed above. Here we provide a detailed investigation of the

HOMO levels, the Frenkel exciton states, and CT states of this system.

2.2.1 Experimental Methods

The ICBA/PCs1BM acceptor blends with ICBA weight fractions of 0, 0.2, 0.5, 0.8, 1 were
dissolved in chlorobenzene (CB) at total concentration of 20 mg/mL and stirred overnight at 60°C
at 300 rpm. The solutions were then spin-coated at 1000 rpm for 60s on 150 nm thick ITO on glass
substrates to form 90-100nm thick acceptors films for ultraviolet photoelectron spectroscopy (UPS)
measurements. The films were thermally annealed at 150°C for 60 min, 20 min, 50 min, 20 min,
and 10 min, respectively. The measurements were done in an ultrahigh vacuum chamber (base
pressure < 1 X 1077 Torr) using the 21.22 eV He-I gas-discharge lamp emission. The spectra were
collected by a hemispherical electron energy analyzer (Thermal VG) with a pass function full

width half maximum (FWHM) of 0.16 eV.
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The acceptor films were similarly prepared for photoluminescence (PL) measurements on
quartz substrates. The samples were excited in low vacuum at wavelength A = 442 nm using a
continuous wave He-Cd laser to obtain steady-state PL. The spectra were collected using a fiber-
coupled monochromator (Princeton Instruments SP-23001) equipped with a Si charge-coupled
device (CCD) (PIXIS:400). For time-resolved PL measurements, the samples were excited at A =
480 nm using 150 fs pulses at a 1 kHz repetition rate from a Ti:sapphire laser (Clark-MXR CPA
series) pumped optical parametric amplifier (TOPAS-C). The photon counts were measured using
a time-correlated single photon counter (PicoHarp 300) coupled to a Si single photon avalanche
detector (PDM series).

The OPV devices were grown on a solvent cleaned, 145 nm thick film of ITO, patterned
into 1 mm wide stripes on a glass substrate. The ternary blends comprising P3HT:(ICBA:PCs1BM)
of different acceptor weight ratios were separately prepared in CB at total concentration 20 mg/mL
and stirred overnight at 60°C at 300 rpm. A 45 nm thick layer of PEDOT:PSS (CLEVIOS™ P VP
AT 4083, filtered with a Whatman™ 0.45 um nylon filter w/glass micro fiber) was first spin-coated
on the ITO and baked at 150°C for 30 min. Subsequently, the P3HT:(ICBA:PCs1BM) active layer
was spin-coated in an ultrapure nitrogen environment (O2 < 0.1 ppm, H>O < 0.1 ppm) on top of
the PEDOT:PSS at 1000 rpm for 60s to form a 90-100 nm thick film. Then the samples were
transferred into a high vacuum chamber (base pressure ~ 10”7 Torr) for Al thermal evaporation at
1A/s to form a 100 nm thick film. The samples were transferred back to the nitrogen environment
for thermal annealing at 150°C. The thermal annealing time was 10 min for 1:1:0, 20 min for
1:0.2:0.8 and 1:0.8:0.2, 40 min for 1:0.6:0.4, 50 min for 1:0.5:0.5 and 60 min for 1:0:1.%* The
charge transfer state electroluminescence (EL) spectra were measured under 4V forward-bias,

collected using a fiber-coupled monochromator equipped with a Si CCD and an InGaAs
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photoreceiver with sensitivity from A = 800 to 1700 nm (Newport Model 2153). The EL spectra
were fit with Gaussian distributions using OriginPro 2017. The Voc were measured in a glovebox
filled with nitrogen (O2 < 0.1 ppm, H2O < 0.1 ppm), using a solar simulator with a 300W Xe lamp
with an AM1.5G filter, whose 1 sun intensity was calibrated with a National Renewable Energy

Laboratory-traceable Si reference cell.

2.2.2 Frontier Orbitals
Figure 2.1 shows the UPS spectra of the two acceptors and their blends in the ratios of 1:4,
1:1 and 4:1. The short vertical lines in Fig. 2.1(a) indicates the emission cutoff extracted from the
spectra due to the 21.2 eV He-I transition. Figure 2.1(b) shows the low-binding-energy region of
the spectra. The short vertical lines show that the HOMO energy for ICBA and the blends is at -

5.8+0.1eV (referenced to vacuum), and for PCs1BM the HOMO energy is at -6.0+0.1eV.

(a) (b)
PCBM PCBM
3 ) 1. S
& | 'CBA:PCBM=1:4 s ICBA:PCBM=1:4
» 2
< c
3 | ICBA:PCBM=1:1 3
S ; A 8 | ICBA:PCBM=1:1
ICBA:PCBM=4:1 | /\l\ ICBA:PCBM=4:1
ICBA ICBA
220 215 210 65 60 55 50 45
Binding Energy (eV) Binding Energy (eV)

Figure 2.1 Ultraviolet Photoelectron Spectroscopy (UPS) measurements of ICBA:PCs1BM blends.

(a) High-binding-energy region of UPS spectra of ICBA, PCs1BM and their blends at ratios indicated. The
short vertical lines represent the emission cutoff energies. (b) Low-binding-energy region where the short
vertical lines indicate the highest occupied molecular orbital energies.
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Analysis of the UPS data indicates that the HOMO levels of the acceptor blends are the
same as that of ICBA, independent of the acceptor blend ratio, with no evidence found for the

emergence of new ground state.

2.2.3 Exciton States
The exciton states of individual acceptors and blends are investigated with PL, with the
results shown in Fig. 2.2. The normalized steady-state PL spectra are provided in Fig. 2.2(a). The

dominant 0-0 transition peaks have energies of 1.66 + 0.01 eV for ICBA, 1.70 + 0.01 eV for
PCs1BM, and 1.66 + 0.01 eV for all of the blends. Also, ICBA and the blends show 0-1 transition
emission at 1.60 + 0.01 eV, and 0-2 transition peaks at 1.51 + 0.01 eV. PCs1BM has its 0-1
transition at 1.55 + 0.01eV. Figure 2.2(b) presents the first derivatives of the normalized PL spectra

to more accurately determine the peak positions. The data indicate that all acceptor blends have
same peak positions as that of ICBA. To further explore whether there exists a new excitonic state,
the dynamics of the exciton state recombination were studied using time-resolved PL, with results
shown in Fig. 2.2(c). The transients are fit by a single exponential decay shown by solid lines,

yielding exciton lifetimes of 7= 0.98 + 0.04 ns for ICBA, 7= 0.94 + 0.04 ns for PCs1BM, and 7 =
0.95 + 0.04 ns for the blend. All these decay rates are equal to within experimental accuracy.

The steady-state PL data spectra show that the exciton energies of the acceptor blends are
also the same as for ICBA, nor does the exciton lifetime extracted from Fig. 2.2(c) depend on the
blend ratio. Therefore, the excited states in the acceptor blends also do not appear to be influenced

by the mixture composition.
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Figure 2.2 Photoluminescence (PL) measurements of ICBA:PCs1BM blends.
(a) Normalized steady-state PL spectra of ICBA, PCs1BM and their blends at indicated ratios. The short vertical
lines indicate the exciton energies of PCs1BM, the long dashed lines indicate the exciton energies of the various
vibronics of ICBA and the blends. (b) Derivative of the normalized steady-state PL spectra to more clearly indicate
the alignment of the transition energies. (c) Time-resolved PL of ICBA, PCs1BM and their 1:1 blend. The solid
lines are monoexponential fits used to extract the exciton lifetimes.

2.2.4 Charge Transfer States

——PCBM
P, ICBA:PCBM=1:1
| ICBA
|
¢
gl
2 3 4
Time (ns)

The EL spectra of ternary OPVs with different blend ratios are shown Fig. 2.3(a). The CT

state emission peak monotonically blue shifts from 1080 nm to 990 nm as the proportion of ICBA

in the two acceptors increases from 0 to 100%. To understand this hypsochromic shift, we used a

series of Gaussians to fit the EL spectra. As shown in Fig. 2.3(b), the EL spectrum of the DA;

binary is fit using a P3HT exciton peak at 646 nm, ICBA exciton peaks at 725 nm and 823 nm,

and the DA binary CT state at 990 nm with a FWHM = 205 nm. Figure 2.3(c) is the EL spectrum

of the DA binary fit assuming a P3HT exciton peak at 645 nm, and of PCs;BM at 708 nm. Then

the DA> binary CT state is at 1080 nm with FWHM = 215 nm. Figure 2.3(d) is an example of the

Gaussian fit to the EL spectrum of the ternary DA A> with ratio 1:(0.5:0.5). It has the same exciton
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peak positions of P3HT and PC1BM. The CT emission peak comprising the two binaries is fit by

their linear superposition with peaks at 990 nm and 1080 nm, and with FWHM = 205 nm and 215

nm, respectively. Thus, The CT state EL spectrum of a 1:(0.5:0.5) DA 1A blend does not exhibit

spectral features independent of those of the individual binaries.
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Figure 2.3 Electroluminescence (EL) of ternary OPYV devices and corresponding Gaussian fits.

(a) EL spectra of binary and ternary OPVs with different P3HT:(ICBA:PCs1BM) blend ratios indicated. (b) The
EL spectrum of 1:1 P3HT:ICBA. The Gaussian distributions used to fit the spectrum and the sum of these
Gaussians are shown by the green and pink lines, respectively. (c) The EL spectrum of 1:1 P3HT:PCs1BM with
the series of Gaussians (green lines) and their sum (pink). (d) The EL spectrum of 1:0.5:0.5 P3HT:(ICBA:PCs1BM)
with fits as in (b) and (¢).

A similar fitting procedure is applied to DA A junctions of the same composition but with

different acceptor blend ratios. The intensities of the DA and DA, CT emission are found from the

areas under the corresponding Gaussian distributions. In Fig. 2.4(a), the ordinate is the fraction of

DA, CT state emission intensity, CT(DA>), in the total ternary CT emission, CT(DA1) + CT(DA»).
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The abscissa is the fraction of PCsiBM (A») in the acceptor mixture (A1+A2). We find a linear
relationship between CT(DA>) and Az blend fraction with unity slope and an intercept at the origin.
Therefore, the CT emission of the ternary blends is a linear superposition of the binary spectra

whose intensities are proportional to their concentration in the blends.
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Figure 2.4 Relationship between ternary OPV charge transfer (CT) state and blend ratio.

(a) Relationship between the intensity fraction of the P3HT:PCs1BM CT state vs. the fraction of PCs1BM in the
acceptors in the ternary blend. The line is a least square fit with unity slope and intercept at the origin. (b) Charge
transfer state energy vs. PCs1BM fraction in the acceptors. The line shows the calculated relationship between the
peak position of the sum of two binary Gaussians vs. blend ratio. The fit to the data show the measured peak
positions are equal to the linear superposition of the Gaussian line shapes.

In the less clearly resolved absorption spectral analysis of Street, et al.,! it was found that
the CT peak position of the blend follows Vegard’s law via:

Ecr = (1 —x)Ecpy + xEcry — bx(1 — x), (2.1)
where x is the fraction of PCs1BM to the total acceptor concentration, and b = 0.15 is the bowing
parameter. Vegard’s law is a simple, extrapolative expression with no analytical physical origin.
Nevertheless, the existence of a bowing parameter suggests that the CT peak position may indeed
be influenced by electronic orbital interactions in the mixture, although no comment was made to
explain this in the previous work.! To explore this apparent nonlinearity, in Fig. 2.4(b) we simulate
the sum of Gaussian distributions representing the two binary CT states. The blue solid line

represents the simulated peak position found from the sum of two Gaussians centered at Ecr; =
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1.15 eV and Ecr2 = 1.25 eV, corresponding to the two binary CT state energies. The peak position
is plotted as a function of the intensity fraction, which is the same as PCs1BM fraction as illustrated
in Fig. 2.4(a). The simulation indicates that the linear superposition of these two Gaussian
distributions results in an identical extrapolative dependence found by Vegard’s Law, where the

bowing arises from the simple addition of the two, Gaussian-shaped CT emission spectra.

2.2.5 Absence of Molecular Alloy in Ternary OPVs

Since the totality of the measurements show no evidence for the emergence of new
electronic states, we conclude that the properties of the P3HT:ICBA:PCs1BM active region are
explained by the linear superposition of the characteristics of the two constituent heterojunctions.
Hence, we can eliminate, at least in this case, the existence of a molecular alloy.

One exogenous cause for the lack of evidence for alloying in P3BHT:ICBA:PCs1BM blends
based on our three criteria may be phase separation between the two acceptor components. That
is, if separate domains of P3HT:ICBA and P3HT:PC¢1BM are formed in the blend, the opportunity
for electronic interactions between the two acceptors would not exist, thus explaining why no
alloys are detected. However, similar chemical structures and thin film surface energies of ICBA
(24.9 mN/m) and PCsiBM (27.6 mN/m) strongly predict the miscibility of these two molecules.?
Furthermore, detailed nuclear magnetic resonance studies of acceptors blend and ternary blend
show shifts of the 'H and '*C resonance frequencies of the two acceptors compared to their
individual spectra. This is attributed to homogeneous, random contacts between acceptors in the
blends, indicating a lack of phase separation.?® Hence, at least in this particular system, the lack of
evidence for an alloy cannot be attributed to spatial separation of the two donor:acceptor

constituents in the blend.
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2.3 Evaluation of Other Possible Systems

The forgoing characterization illustrates a general procedure by which to identify the
existence of an alloy. Based on the criteria stated in the introduction, the first step is to measure
and compare the electronic states of the organic constituents and mixtures. If the electronic states
of the mixtures are unchanged from those in the constituents, no alloy has been formed. If a
difference is found, other reasons should be considered and if possible excluded, such as a linear
superposition of electronic states of the constituents, aggregation of one molecular species when
introducing another or other morphology changes,”” and trap-state filling,”® etc. The final
identification of a molecular alloy can be made after this procedure is complete.

With these criteria in mind, we can attempt to evaluate other possible molecular alloy
systems. Table 2.1 is a summary of some of the organic mixtures that have previously been
described as organic alloys.

Organic CT salt complexes and their solid solutions are frequently mentioned as
representing a class of organic alloys.*® The absorption and Raman spectra of organic CT salts are
composed of the superposition of the spectra of the individual anionic and cationic states.>632
This suggests that the result is a mixture of anions and cations that do not form alloys whose
properties should differ from those of the reduced or oxidized constituents.

Another materials class with potential to form alloys are organic co-crystals, defined as a
single phase material comprising two or more molecular organic species.?>?33% Although some co-
crystals appear to have tunable energy levels such as halogenated benzodifurandione-based
oligo(p-phenylene vinylene) (BDOPV)-based small molecules,?? the origin of this energy level

change is due only to electrostatic interactions between molecular dipoles or higher order
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multipoles.’!*? Note that in this situation it is important to distinguish electrostatic interactions
from intermolecular orbital interactions. For example, simulations based on electrostatic
interactions and its consistency with experimental results®! can provide evidence as to whether

electrostatic effects or alloying is responsible for the modification in electronic states.

Table 2.1 Summary of potential organic alloy systems.

temperature depending
on mixture ratio

Material system | Properties Electronic states
Ternary OPV Voc depends on the In the P3HT:ICBA:PCsBM ternary system, the
blend ratio excitonic and CT states are just the simple
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Furthermore, organic eutectics are materials that have phase transition temperatures

dependent on the relative proportion of their constituents.””!3 This distinct physical property is
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similar to inorganic alloys and may, indeed, indicate formation of organic alloy. But the evidence
thus far presented has not shown intermolecular electronic coupling. Hence, it is inconclusive that
these mixtures are true alloys.

Doped organic semiconductors whose conductivities and Seebeck coefficients depend on
doping concentration have also been studied as possible examples of alloys.**=7 Doping with
donors or acceptors results in the charge transfer between electronic states from the dopant to the
host.337 Even at the high molar densities typically used in highly doped organics (~0.1 molar ratio
of dopant to host) new electronic states have not been reported. Other organic mixtures that do not
belong to these categories have also been studied,'***3° including disordered organic solid
solutions and binary helicies, yet once again no evidence has been presented to support the claim
of a modification of the parent electronic states. To our understanding, therefore, there is yet no
complete evidence to identify electronic coupling that would justify unambiguous identification

of a molecular alloy in any of these previously reported systems.

2.4 Conclusion

In this chapter, we propose criteria that must be met to unambiguously identify a molecular
organic alloy: that is, a mixture of two or more molecular organic substances that have
intermolecular electron coupling that results in modification of the electronic states of the
constituent molecules. Specifically, we investigated the P3HT:(ICBA:PCsBM) ternary system
which has previously been proposed to form molecular alloy between the two acceptors in the
blend. The HOMO levels and the exciton energies of the acceptor blends are the same as for the
individual components. Furthermore, the CT states in the ternary blends of varying acceptor ratios

are a linear superposition of the two distinct binary CT states. According to our criteria, this ternary
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system is simply a combination of two binary heterojunctions that do not form an organic
molecular alloy. Using our procedure to identify a molecular organic alloy, we find no clear

example has yet been found for the existence of such a material.
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Chapter 3
End-capping Exchange Leads to Unstable Ternary Organic

Photovoltaic Cells

For OPV devices to achieve consistent performance and long operational lifetimes, organic
semiconductors must be processed with precise control over their purity, composition and structure.
This is particularly important for high volume solar cell manufacturing where control of materials
quality has a direct impact on yield and cost. Ternary blend OPVs containing two acceptor-donor-
acceptor (A-D-A)-type NFAs and a donor have proven to be an effective strategy to improve solar
spectral coverage and reduce energy losses beyond that of binary blend OPVs. In this chapter, we
demonstrate that the purity of such a ternary is compromised during blending to form a
homogeneously mixed bulk heterojunction thin film. We find that the impurities originate from
end-capping exchange reactions of A-D-A-type NFAs, and that their presence influences both
device reproducibility and long-term reliability. The end-capping exchange results in generation
of up to four impurity constituents with strong dipolar character that interfere with the
photoinduced charge transfer process, leading to reduced charge generation efficiency,
morphological instabilities, and an increased vulnerability to photodegradation. As a consequence,

the OPV efficiency falls to less than 65% of its initial value within 265 h when exposed to up to
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10 suns intensity illumination. Our study reveals new insights to understand the reproducibility as

well as reliability of ternary OPVs.

3.1 Introduction

An essential feature of all high-performance photovoltaic devices that exhibit an acceptable
level of reproducibility and a long operational lifetime, is that the materials of which are they
comprised are of high purity.! In crystalline Si photovoltaic cells, the chemical purity of Si has
been an important limiting factor in their performance. The introduction of extrinsic impurities can
result in significant changes in conductivity by creating lattice strain or by forming interstitial and
substitutional defects. As a consequence, the precise control of source material purity is a common
strategy for improving the efficiency and reliability of photovoltaics.

In contrast to inorganic photovoltaics, understanding the effects of impurities on OPVs has
received little attention despite their potentially profound impact on performance. In fact, the
molecular contaminants left over from synthesis, or that result from decomposition during device
operation, can dramatically impact the intrinsic optical and electrical properties of pristine OPV
materials.>* One example is the emergence of photoinduced dimerized products of the fullerene
acceptor, Ceo, during OPV operation, which reduces the exciton lifetime and diffusion length,
leading to a significant decrease in device lifetime.’> Beyond these changes, impurities can disrupt
the crystalline order in molecular solids,® thereby reducing the charge carrier mobility and cell
PCE. Therefore, considerable care must be taken to remove contaminants from the source
materials and avoid material decomposition during device preparation and operation.

Ternary blend OPVs comprising one donor and two acceptors, or one acceptor and two

donors have attracted great interest in recent years.””!! Compared with conventional binary
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component devices, the introduction of a third molecular species into the BHJ layer can increase
solar spectral coverage, reduce the energy loss, and significantly improve OPV efficiency. In
particular, the rapid development of A-D-A type NFAs has led to ternary blend OPVs comprising
two NFAs and a polymer donor with PCE approaching 20% under 1 sun intensity, AM1.5G
illumination. !>

In this work, we find that device fabrication employing ternary blends can result in the
generation of impurities that affect both the reproducibility of the performance and long-term
reliability of the cells. In particular, we find that the vinyl groups linking the D and A moieties can
dissociate at room temperature by the exchange of the end-capping groups between two NFAs !6-

22 during the mixing of the blend used in forming the BHJ thin film, the generality of the interaction

is illustrated in Fig. 3.1.

Figure 3.1 Generality of end-capping exchange reaction between A-D-A non-fullerene acceptors (NFAs).
The top panel displays the end-capping exchange reaction between two A-D-A type NFAs. The vinyl groups
linking the D and A moieties can dissociate at elevated temperature used during the mixing of the blend prior to
forming the BHJ thin film. The exchange process results in both asymmetric and symmetric reaction products.
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This exchange process results in reaction products with both asymmetric dipolar and
symmetric non-polar molecular structures. As a consequence, ternary-blend OPVs based on one
donor and two NFAs can unintentionally comprise up to seven chemical species. These impurities
participate in photoinduced charge transfer, affecting cell performance and reproducibility of
devices produced in different processing batches. Additionally, the asymmetric dipolar molecules

introduce packing disorder and instabilities that make the blend vulnerable to photodegradation.

3.2 Characterization of End-capping Exchange Reaction

3.2.1 Experimental Methods

The pure materials solutions and hot ternary blend solution was prepared by the mixture of
BT-IC:BTIC-4CI(F) (1:1, w/w) in chlorobenzene (CB) at 65°C for 15 h with a concentration of 16
mg/ml. For reaction dynamics study, the mixture solutions were blended at temperatures ranging
from 0°C to 100°C for 24 hours. Then the solvent was removed, and the crude mixture was
dissolved in deuterated chloroform (CDCl3) and analyzed by nuclear magnetic resonance (NMR).
The NMR spectra of pure materials and blends were collected using a Varian MR400 spectrometer
(400 MHz, 'H; 101 MHz, *C; 376 MHz, '°F) with trimethylsilane (TMS) as reference.

In addition, matrix-assisted laser desorption ionization with time-of-flight mass
spectrometry (MALDI-TOF-MS) were collected using a Bruker AutoFlex Speed MALDI-TOF
instrument. The instrument was calibrated with Peptide Calibration Standard II purchased from
Bruker. The samples used for MS measurements were prepared with 1 mg/ml dichloromethane
solvent. Matrix was used in the sample preparation. Acid matrix was prepared with a-cyano

hydrocinnamic acid and basic matrix was prepared with 1,5-diamino naphthalene.
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3.2.2 Interaction between Archetype NFAs: BT-IC and BT-CIC

We primarily base our studies of end-capping exchange on two archetype NFAs shown in
Fig. 3.2(a), namely BT-IC and BT-CIC (BTIC-4Cl), which are among the best-performing
materials systems for semitransparent organic solar cells.!®!"-23-2 Both BT-IC and BTIC-4Cl have
C, symmetry about their molecular backbones, and thus have small dipole moments (1.1 D). The
OPV devices are typically prepared by spin coating mixtures of donor and acceptor materials to
form the bulk heterojunction. CB is a common solvent for such solutions. Stirring a CB solution
of BT-IC and BTIC-4Cl at 65°C in ultrapure N> gas (with O2 < 0.1 ppm and H>O <0.1 ppm) for

15 h leads to the unintentional formation of a new compound.
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Figure 3.2 End-capping exchange reaction between archetype NFAs BT-IC and BTIC-4Cl.

(a) The exchange reaction between BT-IC and BTIC-4CI(F) in chlorobenzene (CB) solution. (b) Comparison of
the 'H nuclear magnetic resonance (NMR) spectra of neat BT-IC, BTIC-4Cl, BTIC-2Cl vs. the physical blend
solution of BT-IC:BTIC-4ClI (1:1, w/w). (c) Thin layer chromatography (TLC) of BTIC-4Cl, BTIC-2Cl and BT-
IC:BTIC-4Cl mixture. (b) Matrix-assisted laser desorption ionization with time-of-flight mass spectrometry
(MALDI-TOF-MS) analysis of BT-IC:BTIC-4Cl blend solutions.
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To verify the chemical composition of the blend, the product was isolated via column

chromatography and characterized by NMR spectroscopy, MALDI-TOF-MS, and thin layer
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chromatography (TLC), with results shown in Figs. 3.2(b)-(d). The product of the reaction of
BT-IC and BTIC-4Cl is BTCIC-IC (BTIC-2Cl), Fig. 3.2(a), the result of exchanging end groups
between the two reactants. BTIC-2CI has a significantly larger dipole moment (4.8 D) than the
two precursor materials due to chlorination of only a single end group. We find that this reaction
occurs in a mixture containing only BT-IC and BTIC-4Cl, as well as in solutions where a donor
polymer has been added to the mixture, suggesting that the end-capping exchange reaction is an
intrinsic property of A-D-A type NFAs. Furthermore, a solution of the asymmetric BTIC-2Cl] was
stirred at 65°C for 15 h, thereby producing BT-IC and BTIC-4Cl were produced (Fig. 3.2(c)),
suggesting that the exchange reaction is reversible. Note that the reaction occurs even at room

temperature after stirring in CB for over 3h in the dark.

3.2.3 Reaction Conditions

Since the 'H NMR spectrum of BTIC-2Cl resembles a superposition of the BT-IC and
BTIC-4Cl spectra, it is impossible to distinguish the product from the blend of the reactants.
Therefore, we use fluorinated materials (BTIC-4F and BTIC-2F) to quantitatively characterize the
reaction conditions via °F {!'H} NMR spectroscopy. As shown in Fig. 3.3(a), BTIC-2F is identified
by two distinct doublet fluorine (F) peaks (panel 2) that are distinguished from those of BTIC-4F
found down field (panel 1).

We investigated whether this reaction can occur in the solid film by preparing a BT-
IC:BTIC-4F blend film obtained from a 7' = 0°C solution. Rather than the 65°C CB solution
mixture that generates BTIC-2F with » = 33% (panel 3), no BTIC-2F is detected in the BT-
IC:BTIC-4F blend film prepared at low temperature after aging 72 h at 100°C under nitrogen (see

Fig. 3.3(a), panel 4), indicating that the exchange process is largely suppressed in the solid state.
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Furthermore, the reaction kinetics of the end-capping exchange are also studied by '°F {H}
NMR spectroscopy. The BT-IC is blended with BTIC-4F in a CB solution for 24h at temperatures
ranging from 0°C to 100°C. As shown in Fig. 3.3(b), the conversion ratio (r) increases
monotonically with temperature, from » = 0 at 7= 0°C, to 17% at T'= 25°C, increasing to 88% at

T=100°C. Thus, the end-capping exchange reaction is suppressed at low temperatures.
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Figure 3.3 Reaction conditions of end-capping exchange.

(a) F{'H} NMR spectra of purified BTIC-4F (panel 1) and BTIC-2F (2), compared to those of BT-IC: BTIC-
4F (1:1, w/w) blend solutions and films under different conditions: (3) BT-IC blended with BTIC-4F in the CB
solution at T = 65°C in the dark, (4) the film obtained from the 0°C solution during blending, then aged at 72 h
at 100°C under nitrogen; (5) BT-IC blended with BTIC-4F under one sun intensity, simulated AM1.5G
illumination at T = 0°C for 2.5 h; (6) blend film obtained from the 0°C solution, then aged 48 h under sun
intensity, simulated AM1.5 G illumination.

(b) Comparison of the F{'H} NMR spectra of the BT-IC:BTIC-4F (1:1, w/w) mixture after stirring in
chlorobenzene for 24h at temperatures ranging from 0°C to 100°C. (c) Absorption spectra vs. exposure time in
the dark, at T = 65°C or one sun intensity, simulated AM1.5G illumination at 0°C.

The influence of illumination on the reaction is studied by exposing both the BT-IC:BTIC-
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4F blend film and solution to one sun intensity, simulated AM1.5G illumination at 0°C for 48h
and 2.5h, respectively. Surprisingly, in addition to the peaks of BTIC-2F, two new doublets emerge
in the YF{'H} NMR spectra from the exposed BT-IC:BTIC-4F solution (Fig. 3.3(a), panel 5),
indicating that a chemical reaction process other than end-group exchange has occurred. It has
been reported that this new reaction may be an intramolecular electrocyclic reaction between the
end-group and the thienyl backbone?®. In contrast, no new chemical species are detected after
illuminating the blend film (panel 6). This conclusion is further supported by the evolution of the
absorption spectra of a BT-IC:BTIC-4F solution over time, as shown in Fig. 3.3(c). Light soaking
for 2.5h significantly bleaches the BT-IC:BTIC-4F mixture whose absorption peak is centered at
a wavelength of 750 nm. Again, the spectral shape and intensity of the mixture show no changes

after 40h in the dark at 65°C, although its composition changes due to the end-capping exchange.

3.2.4 Generality of Reaction

A number of representative NFA molecules are selected to investigate the influence of
molecular structure on the end-capping exchange reaction and the validity of the generality shown
in Fig. 3.1. We find that the reaction can occur in the most efficient A-D-A NFA families reported
thus far, independent of the composition of the central fused aromatic ring units, and that of the
end-capping moieties. For example, a mixture of IT-IC'® and BTIC-4F generates the four expected
constituents (ITIC-2F,%” ITIC-4F,?® BTIC-2F and BT-IC!”") upon end-capping exchange after
stirring at 65°C for 24h under ultrapure N>, as shown in Fig. 3.4. Analogously, the same results are
obtained for Y-series and perylene-series NFAs with detailed characterization data are provided in

the Fig. 3.5.
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Figure 3.4 End-capping exchange between I'T-IC and BTIC-4F with 4 reaction products.
(a) The exchange reaction between IT-IC and BTIC-4F. (b) TLC of BTIC-4F, IT-IC and IT-IC:BTIC-4F hot
mixture. (¢) 'H NMR spectra of IT-IC, BTIC-4F, BTIC-2F, ITIC-2F, ITIC-4F, BT-IC and the IT-IC:BTIC-4F hot

blend solution.
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Figure 3.5 End-capping exchange reaction of Y-series and perylene-series NFAs.

(a) End-capping exchange between Y16 and Y16-4F. Comparison between the '°F NMR spectra of neat Y16-4F
vs. Y6:Y16-4F hot mixture. (b) End-capping exchange between BEIT-4F and BT-IC and '°F NMR spectra of neat
BEIT-4F vs. BT-IC:BTIE-4F hot mixture. The products can be identified by the distinct doublet fluorine (F) peaks.
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3.3 Impact of End-capping Exchange on Ternary OPVs

3.3.1 Experimental Methods
Device fabrication

Ternary OPVs were fabricated with the device structure: indium tin oxide (ITO) / ZnO (30
nm) / PCE-10:BT-IC:BTIC-4Cl (1:0.75:0.75, w/w/w, 80 nm) / MoOx (10 nm) / Ag (100 nm). For
reliability test devices, C7o and IC-SAM buffer layers are inserted between the BHJ and charge
transporting layers to prevent chemical changes known to occur at the organic/inorganic interfaces
over time.?

Prior to device deposition, pre-patterned ITO-coated glass substrates were detergent- and
solvent-cleaned, followed by CO> snow cleaning and exposure to ultraviolet-ozone for 15 min.
The ZnO layer (ca. 30 nm) was spin cast from a ZnO precursor solution onto the substrates and
then thermally annealed at 160°C for 30 min in air. The IC-SAM was dissolved in methanol with
a concentration of 1 mg/ml and spin-coated at 4000 rpm for 60s, followed by thermal annealing at
110°C for 10 min. Then, the IC-SAM coated substrate was washed with methanol to remove the
residues. The “hot” ternary blend active layer solution was prepared by the mixture of PCE-10:BT-
IC:BTIC-4CI (1:0.75:0.75, w/w/w) in CB at 65°C for 15h with a concentration of 20 mg/ml. The
solution was cooled to room temperature and filtered once with a 0.45 pm polytetrafluoroethylene
(PTFE) syringe filter prior to use, and then spin-coated onto the substrate at 2000 rpm for 90s to
achieve a thickness of 80-90 nm. The “cold” ternary blend active layer solution was prepared by
dissolving PCE-10 in a hot CB solution and then cooling to room temperature and mixing with
BT-IC and BTIC-4Cl in a 1:0.75:0.75 ratio. Noted that the solution was stirring for about an hour

and filtered with filter before fabricating the OPV device. The samples were transferred into the
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vacuum chamber connected to glove boxes filled with ultrapure N2 (O2, H2O < 0.1 ppm). The Cro,
MoOs and Al films were deposited at 0.2 A/s in a high vacuum chamber with a base pressure of
1077 torr. The deposition rates and thicknesses were measured using quartz crystal monitors and
calibrated post-growth by variable-angle spectroscopic ellipsometry. Device areas of 2 mm x 2
mm were defined by the overlap of the ITO anode and the Al cathode that is deposited through a
shadow mask.
Device characterization

The J-V characteristics and EQE of the cells were measured in a glovebox filled with
ultrapure N> (02 < 0.1 ppm, H,O < 0.1 ppm). For the J-V measurements, light from a Xe lamp
filtered to achieve a simulated AM1.5G spectrum (ASTM G173-03), whose 1 sun intensity was
calibrated by a Si reference cell with traceable certification of National Renewable Energy
Laboratory (NREL). The EQE measurements were performed with devices underfilled by a 200
Hz-chopped monochromated and focused beam from a Xe lamp. The current output from the
devices as well as from a reference National Institute of Standards and Technology (NIST)-
traceable Si detector were recorded using a lock-in amplifier. The Jsc were calculated from the
EQE spectrum, with < 7% relative mismatch of the measured Jsc from J-V characteristics.

Device stability test

All devices were encapsulated by bonding a glass cover slide to the substrate in a glovebox
filled with high purity nitrogen, using an ultraviolet-curable epoxy.

High-intensity illumination from LEDs operating at various intensities was concentrated
onto the OPVs with Ag-coated reflective light pipes. The LED intensity that produced a
photocurrent equivalent to Jsc under AM1.5G illumination (Jsc, am1.56) was equivalent to 1-sun

intensity. To calibrate higher LED intensities, a neutral-density filter was used to ensure that the
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OPVs remained in their linear regime. The neutral-density filter was 10% transmissive, thus the
equivalent solar intensity (in units of suns) of the LEDs was calculated using the following

equation: 232

. . , 10
Equivalent solar intensity = —L2200nLED 3.1
Jsc.am1s6

All aging in the light soaking chamber were performed on the encapsulated devices in air
under 10 + 1.2 suns illumination intensity. To avoid excessive heating at high intensity, the OPV
cells were actively water-cooled with a closed-loop chiller to 33 + 5°C.

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements

The thin film samples were spin-coated onto Si wafers in a similar manner to the BHJ of
devices. The thin films were measured at Beamline 11 of National Synchrotron Light Source II
(NSLS-II), Brookhaven National Lab (BNL). The X-ray energy was 13.5 keV and the scattering
patterns were recorded on a 2D image plate (Pilatus 800K) with a beam size of 200 um. The
samples were ~10 mm long in the direction of the beam path, and the detector was located at a
distance of 259 mm from the sample center (distance calibrated by a AgB reference). The incidence
angle was 0.1° and exposure time was 20s.

Resonant soft X-ray scattering (RSoXS) measurements

For the RSoXS samples preparation, PEDOT:PSS films were casted on top of Si substrates
followed by organic films. The samples were emerged in DI water, dissolving away the
PEDOT:PSS film. The floated organic films were then picked up by a 2 mm X 2 mm SiNx
membrane window (Norcada NX5200C) and mounted onto an aluminum rack. The carbon-edge
RSoXS profiles of the samples were measured at beamline 11.0.1.2 at the Advanced Light Source
(ALS), Lawrence Berkeley National Lab (LBNL).

Electroluminescence (EL) measurements
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The EL spectra were measured under 2V forward bias for fresh devices and under 10mA
injection current for EL degradation study. The spectra were collected using a fiber-coupled
monochromator (Princeton Instruments SP-2300i) equipped with a Si charge-coupled device
(CCD) (PIXIS:400) for spectra between 700 nm and 950 nm and an InGaAs photodiode array

(PyLoN-IR:1024) for spectra from 950 nm to 1400 nm.

3.3.2 Impact on Device Reproducibility

To systematically study the effects of impurities produced by the end-capping exchange
reaction, devices with structure illustrated in Fig. 3.6(a) were fabricated with different reaction
times, i.e., different time the blend solution is held at elevated temperature. The constituents in one
group of OPVs (“hot”) were blended at T = 65°C for different reaction times, while a second,
identical group of cells (“‘cold”) were prepared at T = 25°C for 0.5h to impede the reaction. Note
that the hot solution is cooled to room temperature before fabricating the OPVs.

As expected, impurities in the BHJ increase with reaction time, where the presence of
BTIC-2Cl is clearly detected in the active layer mixture after 24h, as shown in Fig. 3.6(b). The
evolution of the solar cell performance parameters vs. blend solution reaction time for both cold
and hot devices are plotted in Fig. 3.6(c). Here, the cold device corresponds to a reaction time of ¢
= Oh. Contrary to expectations, the Voc of hot ternary OPVs is pinned to the same value even
though unintended reaction products are present in the BHJ layer. However, there is a decrease in
PCE and FF for the hot ternary OPV devices. Compared to the cold device, the hot OPV shows a
decreased FF (0.645+0.004 vs. 0.673 +0.005) and PCE (9.65 + 0.30 % vs. 10.21 = 0.30 %) after

blending for 24h.
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Figure 3.6 Impact of end-capping exchange reaction on archetype ternary OPV device reproducibility.

(a) Schematic of device structure for reaction time study. (b) TLC of PCE-10:BT-IC:BTIC-4Cl active layer blend
solution with different reaction times. (c) Power conversion efficiency, PCE, open-circuit voltage, Voc, short-
circuit current density, Jsc, and fill factor, FF, vs. reaction time.

Ternary blend OPVs based on PCE-10:IT-IC:BTIC-4F (1:1:1, w/w/w) and PCE-10:IT-
IC:Y16-4F (1:1:1, w/w/w) were also evaluated versus reaction time to test the generality of the
impact of impurities on their performance, with results shown in Fig 3.7. In contrast to the BT-
IC:BTIC-4CI mixture which produced only a single impurity molecule, both the IT-IC:BTIC-4F
and IT-IC:Y16-4F mixtures generate multiple reaction products. As a consequence, a significant
decrease in both PCE (10.13 £0.25 % vs. 8.46 = 0.16 % for PCE-10:IT-IC:BTIC-4F; and 10.32 +
0.41 % vs. 9.38 £ 0.59% for PCE-10:1T-IC:Y16-4F) and FF (0.665 + 0.006 vs. 0.544 = 0.009; and

0.621 £ 0.004 vs. 0.605 + 0.008) are observed, while the Jsc¢ and Voc remain unchanged.
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Figure 3.7 Generality of the impact of impurities on ternary device reproducibility.
The evolution of solar cell performance parameters over reaction time of (a) PCE-10:IT-IC:BTIC-4F
(1:1:1,w/w/w) and (b) PCE-10:IT-IC:T16-4F (1:1:1,w/w/w) ternary blend BHJs.

Previous studies have attributed the changes in performance as well as in other electronic
and physical properties in ternary OPVs that differ from its constituent binaries to the formation

of “molecular alloys” or “organic co-crystals”. In contrast to earlier reports, here we have shown
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that there is a thermally induced, solution-phase end-capping exchange reaction occurring between
NFAs during materials preparation and device fabrication. This reaction contaminates the source
materials, thereby altering the electronic and physical properties of the resulting films.

To understand the effects of impurities on hot ternary OPVs, we characterized the
molecular packing and crystallization of the blend film GIWAXS. The two-dimensional (2D)
diffraction patterns, and 1D line cuts of several films are provided in Fig. 3.8. The neat films of
three individual acceptors show significantly different diffraction patterns due to the influence of
the chlorination on molecular packing and crystallization. BT-IC (Fig. 3.8(a), panel 1) exhibits a
rich diffraction pattern, indicating long range crystalline order. In contrast, the neat, dipolar BTIC-
2Cl film (panel 2) shows considerably less well-defined diffraction features than BT-IC, with
BTIC-4Cl (panel 3), exhibiting intermediate ordering. BTIC-2Cl and BTIC-4Cl both exhibit a
pronounced and broad out-of-plane scattering feature at high ¢ indicative of out-of-plane m-nt
stacking. On the other hand, the GIWAXS patterns of the hot and cold blend films of BT-IC:BTIC-
4Cl1 (1:1, w/w) are remarkably different. In the absence of chemical reactions, the packing structure
of the cold blend film (panel 4) is dominated by BT-IC, as evident by the similar (h00) in-plane
diffraction peaks of BT-IC at 0.69, 0.97, 1.37 and 1.68 A"! shown in Fig. 3.8(b). In contrast, the
hot blend film (panel 5) shows several diffraction features found only in BTIC-2Cl (highlighted
with white arrows) ascribed to the BTIC-2CI generated in the reaction. This is further supported
by the azimuthal distribution analysis of the diffraction feature at ¢ = 0.54 A"! shown in Fig. 3.8(c),
where the two intense peaks appearing at radial angles y = + 26° are only observed in the neat
BTIC-2CI and the hot blend films. Also, BTIC-2CI appears to dominate the crystalline phase in
the blends. The introduction of an equivalent amount of BTIC-2Cl into a cold mixture of BT-

IC:BTIC-4CI (1:1, w/w) (panel 6) shows the same pattern as neat BTIC-2Cl, indicating that this
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asymmetric molecule is source of disorder, which is also confirmed by RSoXS measurement

results shown in Fig. 3.8(d).
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Figure 3.8 Morphologies of neat and blend films.

(a) Two-dimensional (2D) grazing incidence wide-angle X-ray scattering (GIWAXS) patterns of BT-IC (panel 1),
BTIC-2Cl (2), and BTIC-4Cl (3) neat films prepared from cold solutions, BT-IC:BTIC-4ClI (1:1, by wt.) blend
film prepared from cold solution (4) and from hot solution (5), and BT-IC:BTIC-2Cl:BTIC-4Cl (1:1:1, by wt.)
blend film prepared from cold solution (6).

(b) In-plane (dotted line) and out-of-plane (solid line) X-ray scattering profiles extracted from 2D GIWAXS data.
(c) Azimuthal intensity distributions along ¢ = 0.54 + 0.05 extracted from 2D GIWAXS data. (d) Resonant soft X-
ray scattering (RSoXS) of BT-IC:BTIC-4Cl cold and hot blends.

Since the frontier molecular orbital of BTIC-2Cl differs from both BT-IC and BTIC-4Cl,
its presence is expected to influence the CT processes of the blends, and thus the charge
photogeneration properties of OPVs in which these compounds are employed. To investigate the
CT state energetics, the EL spectra of PCE-10:BT-IC (1:1.5 by wt.), PCE-10:BTIC-2Cl (1:1.5 by
wt.) and PCE-10:BTIC-4Cl (1:1.5 by wt.) were measured to find individual binary CT state
emission, as shown in Figs. 3.9(a)-(c). The EL spectra due to CT—Sy transitions of cold and hot
blends of PCE-10:BT-IC:BTIC-4Cl1 (1:0.75:0.75 by wt.)-based ternary OPVs are shown in Figs.

3.9(d) and (e), respectively. The ternary EL spectra are fit with linear combinations of the binary
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CT spectra by maintaining their same peak positions and FWHM, while adjusting only their

relative intensities, detailed fitting parameters are listed in Table 3.1. The EL spectrum of the cold

ternary OPV is fit with two Gaussian peaks: one due to the PCE-10:BT-IC binary CT state at 1.36

+ 0.02 eV, and the other due to the PCE-10:BTIC-4Cl binary CT state at 1.15 £ 0.01 eV. On the

other hand, three Gaussian peaks are required to fit the hot ternary OPV EL spectrum comprising

both the PCE-10:BT-IC and PCE-10:BTIC-4Cl binary CT peaks, as well as an additional PCE-

10:BTIC-2Cl binary CT peak at 1.23 £ 0.01 eV produced by the end capping reaction, suggesting

the reaction product is active in photogeneration in the hot ternary OPV. The change in CT

properties of hot ternary OPVs is attributed to the linear superposition of the constituent binary

molecules, rather than the emergence of new electronic states due to the generation of deep levels

or the formation of molecular alloys.*°
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Figure 3.9 EL spectra of binary and ternary OPVs.
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EL spectra of (a) PCE-10:BT-IC binary OPV with Gaussian fits using BT-IC exciton and binary CT peak, (b)
PCE-10:BTIC-4Cl with Gaussian fits of BTIC-4Cl exciton and binary CT peak, (c) PCE-10:BTIC-2Cl with
Gaussian fits of BTIC-2Cl exciton peak and binary CT peak, (e) cold PCE-10:BT-IC:BTIC-4Cl ternary OPV with
Gaussian fits using two binary CT state emission peaks. (B) Hot ternary device with Gaussian fits to three binary

CT state emission peaks.
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Table 3.1 Charge transfer states emission peaks in binary and ternary OPVs.

Intensity Intensity
Binary CT state C.T. peak CT peak FWHM fraction in cold fraction in hot
position (eV) (eV)
ternary ternary
PCE-10:BT-IC 1.36 £0.02 0.17£0.01 16.7% 6.3%
PCE-10:BTIC-4Cl 1.15+0.01 0.28 +£0.02 83.3% 78.4%
PCE-10:BTIC-2Cl 1.22 £ 0.01 0.23+£0.01 - 15.4%

3.3.3 Impact on Device Reliability
The influence of impurities on the reliability of ternary blend OPVs was studied by
exposing both the hot and cold devices with structure illustrated in Fig. 3.10(a) to white light
illumination at an intensity as high as 10 suns (10 kW/m?). Compared to the cold ternary device
where PCE is reduced by 15% from its initial value after 265h, that of the hot ternary device falls
to less than 65% over the same period due to a rapid decrease in Jsc and FF, as shown in Fig.
3.10(b). This is consistent with previous results where the presence of impurities in OPVs were

implicated in exciton quenching, leading to correspondingly shorter device operational lifetimes.?>
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Figure 3.10 Impact of end-capping exchange reaction on archetype ternary OPV device reliability.
(a) Schematic of device structure for reliability study. (b) Normalized PCE, Jsc, Voc, and FF vs. aging time under
white-light illumination at 10 suns intensity.
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To investigate the impact of impurities on reliability, the morphological stability of cold
and hot ternary blend films of PCE-10:BT-IC:BTIC-4Cl (1:0.75:0.75, w/w/w) after aging for 48h
under 10 sun intensity was studied via GIWAXs. As shown in Fig. 3.11, white light illumination
shows no significant changes in their GIWAXS patterns of the cold film. In contrast, significant
degradation is observed for the hot film due to the emergence of dipolar reaction products, resulting

in the disappearance of the (010) peak at 1.8 A"
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Figure 3.11 Morphological changes of cold and hot ternary blend films over aging.
The 2D GIWAXS patterns of PCE-10:BT-IC:BTIC-4Cl (a) cold, fresh, (b) cold, aged (c) hot, fresh and (d) hot,

aged blend films. (e) In-plane and (f) out-of-plane sector-averaged profiles extracted from 2D GIWAXS data.

The asymmetric dipolar products of the end-capping exchange reaction have large
polarizabilities; i.e. @ = 1.25 x 102! cm? for BTIC-2Cl, a = 4.56 x 1022 ¢cm? for BT-IC, and o =
2.90 x 1022 cm? for BTIC-4Cl. This may result in dipoles reorientation over time that decreases
the electric field across the BHJ, and hence reduces the charge extraction efficiency. The voltage-

dependent photocurrent before and after 265h aging under illumination intensity of 10
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suns, normalized to the photocurrent at /= 0, are shown in Fig. 3.13(a). A significant increase in
the voltage-dependence of charge extraction is observed in the hot devices after aging.
Additionally, the charge-extraction efficiency at V"= 0 was calculated over the aging period and
plotted in Fig. 3.13(b). The hot ternary device experienced a 16.3 £ 1.8% decrease in charge-
extraction efficiency, whereas only a 2.0 + 1.2% decrease is observed in the cold ternary device.
Therefore, the Jsc and FF of hot ternary device decreased after aging owing to the loss in charge-
extraction efficiency.’?>?* A more complete analysis of the effect of reorientation on charge

extraction efficiency will be discussed in Chapter 4.
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Figure 3.12 Change in charge extraction of cold and hot ternary OPVs over aging.
(a) Normalized voltage-dependent photocurrent of cold and hot ternary devices before and after aging for 265 h
under white-light illumination at 10 suns intensity. (b) Charge-extraction efficiency at /' = 0 (extracted from the
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reverse-bias photocurrent data) plotted against aging time.
3.4 Degradation of CT State Electroluminescence and Voc

3.4.1 Relationship between CT State EL and Voc Degradation
Three mechanisms that determine the magnitude of V,. are: (i) radiative recombination of
optically generated excited states, or excitons, within the donor or acceptor regions; (ii) radiative
recombination due to CT state relaxation; and (iii) non-radiative recombination due to defect states

or other diode non-idealities. This latter process may result in a voltage loss over time. To quantify
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these effects, the non-radiative voltage loss, AV, is defined as the difference between the open-
circuit voltage in the presence of only radiative processes (the radiative limit), V.34, and the actual

V,. of the cell, viz.**:

kT Jsc
Wy = Vg = Voo = I (225) = V. (32)

q ]gad

where Jy. is the short circuit current density, /394 is the dark saturation current density in the
radiative limit (i.e. in the absence of non-radiative effects), k is the Boltzmann constant, 7 is the
temperature, and q is the elementary charge. Previously, detailed balance has been invoked to relate
AV, to the forward-biased external emission efficiency. Other works have, incorrectly, assumed
that the external emission efficiency is equal to the EL external quantum efficiency, ng;, and
asserted that in the radiative limit 7z = 1.34738 For an organic device where emission is dominated
by the CT state, however, the current resulting from non-radiative recombination will be exactly
zero when the emissive CT state efficiency, #cr, is unity, which is not equivalent to 7z = 1. Rather,
the measured EL efficiency is dependent on several factors given by:

NeL = YXemMcr> (3.3)
where y is the charge balance factor (i.e. the ratio of photons emitted to electrons that radiatively
recombine with holes at the HJ).!*° The ratio of emissive CT states formed by electrical injection,
Xem, depends on whether the states reside in the singlet or triplet manifold. That is, if the emissive
CT states are singlets, yen = 0.25, whereas if they are triplets or a mixed state, the ratio may assume
a value as high as 1, depending on whether the triplets are emissive phosphorescent states,

respectively. Thus, 7z must account for y.., and y when determining the magnitude of 7cr.

Under open-circuit conditions, the ideal diode equation for an OPV is written as:*

Jo (exp (522) - 2222 ) = (34

kPPd,eq
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where Jy is the dark saturation current, # is the ideality factor (which is well-defined only for purely
diffusion, n = 1, and mid-gap recombination, n = 2, currents), kpps is the polaron pair dissociation
rate at Voe, kppraeq 1s the polaron pair dissociation rate in thermal equilibrium, and J,; is the
photocurrent. An OPV in thermal equilibrium requires that the photocurrent due to thermal
excitation is balanced by current injection leading to recombination at the CT state. Thus, in the

dark:

Joue (Vo) = J5° (exp (£2) — 1) ~ Jgo (exp (L)), (35)

nkT
where J79¢ is the saturation current due to excitation due to a room temperature blackbody, and
Jout 1s the radiative recombination current density generated from the CT state. For simplicity, we
assume kpps = kppieq in Eq. 3.5. Returning to #gz, which is defined as the number of photons

emitted per electrons injected, we can write:

_ Jout(Voc)
T]EL N ]inj(Voc) em> (36)

where Ji,; 1s the injected current density resulting from the applied forward voltage. Equation 3.3
provides a physical understanding for the origin of OLED efficiency, while Eq. 3.6 is defined in
terms of measurable quantities from the OPV cell operated as an OLED. The open circuit condition
requires that the total current is zero. Therefore, Jini(V,c) must be balanced by an equal and opposite
photocurrent, i.e. J;;(Voe) = Jpn(Voc); an equality that allows us to relate #7£2to Voe. For OPVs, it
cannot be assumed that J,, (V,c) = Jsc, because J,; is dependent on voltage. This is due to the fact
that in an ideal junction, kppy is dependent on electric field at the heterojunction. Thus,
]inj(‘/bc) :]ph(Voc) =Jsc —Jas (3.7)
where J, accounts for the difference between J,u(Voc) and Jse.
Combining Eq. 3.4, Eq. 3.5, and Eq. 3.6, and solving for V. gives the following

expressions:
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KT ;  Jsc—Ja mkT NEL
V.. =Zln + 1n( ) 3.8
oc ™ q 7 jpad q YXem (3.8)

v, = vrad 4 kq—Tln Jpnloc) | mTlen Ner. (3.9)

N

Because 7cr already accounts for non-idealities resulting within the heterojunction, we have
introduced the factor, m, in Eq. 3.8 to account for nonradiative losses occurring outside the HJ.
The first term of Eq. 3.9 does not include the m-factor because nonradiative losses occurring both
within and external to the HJ are not present in the radiative limit. The lower bound for this factor
is, therefore, m = 1, which is defined by the ideal diode equation in the absence of traps.* In this
limit, all recombination is radiative, leading to #cr =1 and m = 1. The second term of Eq. 3.9
accounts for the voltage dependence of J,, and the third term is equivalent to 4V,,,., which accounts
for all nonradiative losses. Losses that are not already contained within 5crare quantified by the
empirical value of m > 1.

Equation 3.8 and 3.9 can be used to locate the sources that lead to OPV efficiency losses
of over time. The ratio, yem, is independent of changes in the device properties and, therefore, is
time independent. Hence, the change in V,.is given by:

AVoc = Voc(t) - Voc(o)

_ [yrad(s) _ yrad KT [1 Tph(Vocrt) ]sc(O)] mKT [, gL D)y (0) )
Voc™(®) = Vo™ (0] + q lnlph(Voc.O)lsc(t) + q [lnnEL(O)V(t) ’ (3.10)

where m can be found by fitting Eq. 3.10 to the observed value of AV.

3.4.2 CT State EL and Voc Degradation of Ternary OPVs
To track the non-radiative recombination in the ternary OPVs over aging, the EL spectra
are periodically collected for both cold and hot devices aged under white light illumination at 10

suns intensity. As shown in Figs. 3.13(a) and (b), the EL intensity of the hot ternary OPV degrades
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by 25%, which is faster compared to cold device (16%). Additionally, the peak intensity decays
rapidly within the first 96 h, qualitatively matching the initial losses observed in Voc and FF.

As shown in Fig. 3.13(c¢), by fitting (dashed lines) Eq. 3.10 to the changes in ng; and AV,
over time (data points),*! we obtain m = 1.00 + 0.05 for both cold and hot devices. This suggests
that the increased nonradiative recombination loss in hot ternary devices occurs solely in the BHJ.

This loss, originating from the reaction products generated in hot ternary BHJ, leads to fast Voc

degradation.
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Figure 3.13 Non-radiative recombination loss during cold and hot ternary devices aging.

EL spectra of (a) cold and (b) hot ternary devices based on PCE-10: BT-IC: BTIC-4Cl (1:0.75:0.75, by wt.) before
and after aged for 192h under illumination at 10 suns intensity. (¢) Measured changes in open-circuit voltage
(4Voc) over time for cold and hot ternary devices (data points) along with 4Voc calculated from the loss in EL

intensity.

3.5 Conclusion

In summary, we find that ternary blend OPVs consisting of two A-D-A type NFAs and a
donor are susceptible to end-capping exchange reactions between NFAs during material blending
prior to film deposition, even at room temperature in the dark. The reactions are considerably
accelerated at elevated temperatures customarily used in material preparation. Additionally, the
reaction products feature significant ground state dipole moments that are linked to a decrease in
the crystallization of the BHJ nanostructure, and that increase non-radiative charge recombination

when employed in OPVs, thereby reducing both the device reproducibility and long-term stability.
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Our results provide new insights for understanding and improving the performance of a large and

general class of materials when used in ternary blend OPVs.
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Chapter 4
Impact of Dipolar Molecules on the Reliability of Ternary

Organic Photovoltaic Cells

In Chapter 3, we have shown that blending two non-fullerene acceptors (NFAs) to form
bulk heterojunctions (BHJs) in ternary OPVs leads to an end-capping exchange reaction that
results in the generation of several, new dipolar species whose impact on OPV operational stability
remains uncertain. In this chapter, we investigate the reliability of a ternary OPV system
intentionally blended with dipolar NFA molecules that are among the end-capping exchange
reaction products. We reveal that an intrinsic contribution to OPV degradation is the reorganization
and reorientation of the dipolar molecules during operation, which leads to an increased dielectric
constant (&). The & of a BHJ lacking dipolar NFAs is relatively stable over 240 h under
illumination at 10 suns intensity, while a BHJ with 50% dipolar NFAs shows a 7.7 + 0.8% increase.
Consequently, the electric field across the BHJ with dipolar molecules decreases compared to that
of a non-dipolar BHJ under the same applied voltage, leading to an 8.3 + 0.9% reduction in charge
collection efficiency, while the decrease is only 2.2 + 0.4% in devices containing only nonpolar
molecules. This result has implications on the stability of a range of organic electronic devices

containing dipolar molecules.
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4.1 Introduction

By introducing dipolar molecules in the BHJs of OPVs, the PCE can be improved due to
the change of intramolecular electron-hole separation as well as a modified molecular packing.!™
The past few decades have witnessed substantial developments in employing dipolar materials in
OPVs such as donor-acceptor-acceptor’ (d-a-a’) type small molecule donors,>~® and asymmetric
NFAs.!*+10-14 However, it has been shown in Chapter 3 that end-capping reactions between two
acceptor-donor-acceptor (A-D-A) type NFAs in ternary OPVs can generate dipolar reaction
products that reduce the device operational stability. '3

In this chapter, we explore the impact of dipolar molecules on device reliability by studying
a ternary OPV system intentionally blended with dipolar molecules that are among the products of
end-capping exchange reactions. We find that the devices with a higher ratio of dipolar constituents
show a larger decrease in charge collection efficiency (7cc) and PCE after aging compared to
devices with fewer or no dipolar components. Here, 7ccis the ratio between the photocurrent, J,
(V), at voltage, V, and the saturated photocurrent, J,sas, at large reverse bias. We attribute these
changes to an increase in the relative dielectric constant (&) in the dipolar BHJ, which in turn,
leads to a decrease in the internal electric field. Measurements suggest that the & of the BHJ (&)
containing only nonpolar molecules remains stable after 240h aging under white light illumination
at 10 suns intensity, while it significantly increases under the same conditions when the medium
contains dipolar molecules. To understand the origin of the change in &., we performed Monte
Carlo simulations of dipoles orientations that indicate the dipolar molecules tend to aggregate and
align anti-parallel to neighboring molecules, which accurately predicts the change in 7cc, and

hence the PCE, during extended periods of device operation.
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4.2 Theoretical Calculation of Dipolar Molecules Reorganization

4.2.1 Theory
When the devices undergo aging, dipolar molecules in the BHJ can reorganize and reorient
to reach lower energy configurations,'® see Fig. 4.1(a). The energy due to dipole-dipole interactions

is calculated using the dipole interaction energy:

E=1% P 0, =3 %) (P 7)), (4.1)

amergory;s [
where &, is the relative dielectric constant of the medium, & is the vacuum permittivity, 7;; is the

~
l

distance between the i and /™ molecules, 7}, is the unit vector between them, and p, and p; are
their dipole moments. The total dipole moment is the sum of permanent, p,, and induced dipoles,

p =D+ aF, with polarizability, a, and electric field, F. The reorganization of dipoles within a
layer over time results in a change in the screening of electric field, which is reflected by a change
in the dielectric constant.

As shown in Fig. 4.1(b), assuming a uniform electric field within each layer, and the normal
displacement field is constant across the layer interfaces, the voltage 7 across the OPV is described

by:

AEHL

V=—- FBH]dBH] - FHTLdHTL - FETLdETL - 661 - 562 - 6h1 - 6h29 (42)

and EurrFury = €sniFen; = €eriFerL, 4.3)
where AE}; is the energy offset between the HOMO of the donor and the LUMO of the acceptor,
q is the electron charge, Fprs, Furr, Ferr are the normal electric fields across the BHJ, hole
transporting layer (HTL), and electron transporting layer (ETL), respectively, dpus, durr and derr

are the thicknesses of the corresponding three layers, gzny, eurr and gerr are their relative dielectric

constants, and s, 0.2, O and 92 are the voltages across various interfaces in Fig. 4.1(b) whose
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dependence on V is negligible in the absence of large density of interfacial trap states.!”!8 When
there is no electric field across the BHJ, the probability for photocurrent generation is low due to
lack of driving force to help photogenerated charges overcome Coulomb attraction and guide them
towards electrodes. Therefore, we approximate that the photocurrent density, J,=0, when Fpry=

Fur= Fer=0.'® Then, Eq. 4.2 becomes:

AEHL

V=0 = —2 = 8e1 = 8oz = Op1 — Spa- (4.4)

Therefore, Fpuy is given by:

&€ &
Fpy; = (V|]ph=0 - V) / (ez: dyry, + dBH] + ﬁdETL)- 4.5)
It is apparent from Eq. 4.5 that an increased &zns can reduce the electric field across the BHJ,

leading to a reduced 7cc.
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Figure 4.1 Dipolar molecules reorganization and electric field distribution in OPVs.

(a) Ilustration of dipolar molecule reorganization in the BHJ of OPV during device operation to reach lower energy
configurations. (b) Energy level diagram of an OPV at applied voltage V, including voltage drops across the BHJ,
the charge transporting layers, and various interfaces.

4.2.2 Simulated Reorganization of Dipoles

A Monte Carlo-based simulated annealing (SA) protocol is used to model dipolar
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reorganization in the thin film of acceptor blends.!”2?

The simulation begins with a random
distribution and orientation of dipolar molecules, and performs step-wise trial moves and rotations
on the dipoles. Each step that lowers the system energy is accepted, whereas the probability for
endothermic steps is weighted by a Boltzmann factor.?* The simulation assumes that the molecules
are located at the grid points of simple cubic lattice comprising 30 x 30 x 100 sites with lattice
constant of 1 nm and periodic boundary conditions. The molecular dipoles are approximated as

point dipoles. Thermal equilibrium is approached after millions of Monte Carlo steps of trial dipole

translations and rotations to reach system energy fluctuation of < 1%.
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Figure 4.2 Simulated morphology of an acceptor blend containing dipolar molecules.
The plan view of the simulated distribution of 20% dipolar molecules in an acceptor blend (a) before and (b) after
aging. (c) Simulated probability density distribution of dipole orientations before and after aging.

Figures 4.2(a) and (b) show the simulated morphology of an acceptor blend with 20%
dipolar molecules before and after aging, respectively. The plan views are taken halfway through
the solid at location z = 50. Figure 4.2(a) is the plan view of the initial distribution of dipoles,
whereas the dipoles form clusters after the system approaches equilibrium following SA, as shown
in Fig. 4.2(b). The normalized probability density distribution of the dipolar orientation, defined
by the angle between the dipole moment and the substrate normal, 6., before and after SA is

illustrated in Fig. 4.2(c). The orientation of dipoles after aging shows higher probability at 6, =
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0, ig and m, due to anti-parallel dipole alignment between neighboring molecules.

4.2.3 Calculation of Dielectric Constant Change
The dielectric constant is calculated by treating the acceptor blend as a parallel plate
capacitor. We assume an initial relative dielectric constant &, 5 = 3 in the absence of dipoles. The
capacitive device is charged by an external voltage Ve, after which it is disconnected from the
power source, and the dipoles are allowed to reorient. This generates an internal voltage, Viu, which
reduces the electric field across the acceptor blend of magnitude V.. = V,,; — Vin¢. Therefore, by

calculating the relationship between Vi, and Ve, the relative dielectric constant, &,., of the blend
containing dipolar molecules is obtained using: gr/ = Vext/ =1+ Vi”/ . Therefore
€r,0 Vace Vace ’

the change in the dielectric constant over time, ¢, is given by (er(t) - £r,0) / (er(O) - Sr,o) =
Vine (£)/Vine (0), where &, ¢ is the relative dielectric constant of the non-dipolar medium, and Viu(?)
is the internal voltage due to the addition of dipoles.

The change in & is then found by calculating Vi,; induced by dipoles based on the dipolar
configurations illustrated in Fig. 4.2. As shown in Fig. 4.3(a), the NFA blend with 20% dipolar
content experiences 5.6% increase in &-. As & of the polymer donor (40 wt.% in the BHJ) is
unchanged, &pry is increased by only 3.3%. With higher ratio of dipolar contents, similar
calculations result in an increase of 5.0% in gzny for a 33% dipolar concentration and 7.0% increase

for a 50% dipolar concentration.
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Figure 4.3 Calculation of internal voltages induced by dipolar molecules.
Relationship between the internal voltage (Vin) and the voltage across the NFA blends (Vacc) containing (a) 20%,
(b) 33% and (c) 50% of dipolar molecules BTCIC-IC.

4.3 Impact of Dipolar Molecules on Ternary OPVs Reliability

4.3.1 Experimental Methods

To systematically investigate the impact of dipolar molecules on device stability, we
fabricated ternary OPVs comprising one polymer donor, PCE-10, and two nonpolar NFAs, BT-IC
and BT-CIC. Their end-capping exchange product, the dipolar molecule BTCIC-IC," is blended
into the NFAs with ratios of 0%, 20%, 33% and 50%. As shown quantitatively in the previous
chapter, such concentrations of dipolar products are in fact present in NFA based ternary devices.
The devices employ ITO as bottom cathode, ZnO as ETL, MoOx as HTL and Al as top anode, the
C70 and IC-SAM buffer layers are inserted between the BHJ and charge transporting layers to
prevent chemical reactions at interfaces.??

Glass substrates with pre-patterned ITO were detergent- and solvent-cleaned followed by
CO; snow cleaning and exposure to ultraviolet-ozone for 15 min. A ZnO precursor solution was
spin-coated onto the substrate at 3000 rpm after filtration through a 0.45 pm pore
polytetrafluoroethylene (PTFE) filter, and then baked at 160°C in air for 30 min. The samples were

then transferred into a N2 glovebox (02 < 0.1 ppm, H20 < 0.1 ppm). The IC-SAM was dissolved
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in methanol with a concentration of 1 mg/ml and spin coated at 4000 rpm for 60s, followed by
thermal annealing at 110°C for 10 min. Then, the IC-SAM was washed with methanol to remove
residues. The active layer solution was prepared by dissolving PCE-10 in a hot chlorobenzene
solution at 65°C overnight, and then cooling to room temperature and mixing with BT-IC, BT-CIC
and BTCIC-IC in a donor:acceptor = 1:1.5 ratio with a total concentration of 18 mg/mL. The
solution was similarly filtered before spin-coated onto the substrate at 2000 rpm for 90s to achieve
a thickness of 80 nm. Active layers for capacitance-voltage (C-}) measurements were spin-coated
at 1000 rpm to achieve a film thickness of 95 nm. The samples were then transferred into a high
vacuum chamber (base pressure ~1077 Torr) for thermal evaporation of 2 nm C79, 15 nm MoQ3 and
100 nm Al at a rate of 0.2 A/s. All devices were encapsulated before characterization by bonding
a cover glass to the substrate with an ultraviolet-curable epoxy bead around the device periphery.
The J-V characteristics and EQE of the cells were measured in a glovebox, with procedures same
as in previous chapters. The C-V characteristics were measured in the dark from 0 to 6V reverse
bias at 0.05V step with 50mV, 10kHz AC measurement potential (Keithley SCS-4200
Semiconductor Analyzer). The device stability test was performed under white LED at equivalent

solar intensity was 10 suns and the OPV cells were actively water-cooled to 35 + 5°C during aging.

4.3.2 Impact on Dielectric Constant
Figure 4.4 shows the capacitance-voltage (C-V)) characteristics of a device with 0% (BT-
IC:BT-CIC:BTCIC-IC = 1:1:0), 20% (BT-IC:BT-CIC:BTCIC-IC = 2:2:1), 33% ((BT-IC:BT-
CIC:BTCIC-IC = 1:1:1) and 50% (BT-IC:BT-CIC:BTCIC-IC = 1:1:2) dipolar molecules before

and after 240 h aging under white light illumination at 10 suns intensity.
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molecules, (¢) 1:1:1, 33% dipolar molecules, and (d) 1:1:2, 50% dipolar molecules.

Figure 4.5(a) summarizes the capacitance of devices containing different NFA
compositions before and after aging. The dielectric constant is determined assuming the fully
depleted reverse-biased diodes (at —6V) are parallel plate capacitors. When there is no dipolar
component in the BHJ (BT-IC:BT-CIC:BTCIC-IC = 1:1:0), C (and hence, &zns) before and after
aging is unchanged at 1.03 +0.01 nF, while ggxyincreases by 7.7 + 0.8% for a dipolar concentration
of 50%. In Fig. 4.5(b), the dashed line represents the simulated increase in &gmy vs. dipolar
concentration, which is consistent with that obtained from the C-V measurements, indicating that

the changes in gpyy can primarily be attributed to the reorganization and reorientation of dipolar

molecules over time.
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Figure 4.5 Summary of capacitance and relative dielectric constant before and after aging.
(a) Capacitance of OPVs vs. dipolar NFA concentration, before and after 240h aging. (s) Calculated and measured
(from C-V data) increase in the relative dielectric constants (&) of BHJs vs. BTCIC-IC ratio.

In addition, as shown in Fig. 4.6, the carrier density calculated from C-J measurements at OV

of the device containing 50% dipolar molecules decreases by 21 + 3% compared to that without

dipolar content, suggesting that the dipolar molecules may trap charges in the BHJ.
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Figure 4.6 Carrier densities of OPV devices with different ratios of dipolar molecules.
Carrier densities of devices containing different blend ratios of dipolar NFAs after 240h aging under white
light illumination at 10 suns intensity, the dashed line is the linear fit of carrier density vs. dipolar ratio.

4.3.3 Impact on Device Reliability and Charge Collection Efficiency
The evolution of device performance under white light illumination at 10 suns intensity is
shown in Figs. 4.7(a)-(d). The aging under high intensity illumination accelerates the degradation

to distinguish differences between devices stability in a reasonable amount of time. The
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degradation under such condition was founds to accurately reflect the degradation under AM1.5G
illumination with appropriate acceleration factor.>>?” Compared to the device lacking dipolar
content where PCE is reduced by 15.5 £+ 0.8% after 240h, the devices comprising 20%, 33% and
50% dipolar NFAs show reductions of 18.9 + 1.2%, 21.1 = 1.1% and 23.2 + 1.4%, respectively.
While the open-circuit voltage (Voc) remains relatively constant, the short-circuit current (Jsc) and
fill factor (FF) decrease more in devices containing dipolar molecules. Figure 4.7(e) shows the
decrease of 7cc (at V' = 0) where devices with 20%, 33% and 50% dipolar molecules experience a
4.2 £0.5%, 6.2 £ 0.4% and 8.3 £ 0.9% decrease in 7cc (at V' = 0) over the aging period, whereas

only a 2.2 + 0.4% reduction is observed in the nonpolar device.
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Figure 4.7 Device performance degradation under 10 suns intensity illumination.

Degradation in (a) Jsc, (b) Voc, (¢) FF, (d) PCE and (e) charge collection efficiency (7jcc, at ¥=0) of OPV devices
with different blend ratios BT-IC:BT-CIC:BTCIC-IC over 240h aging under white light illumination at 10 suns
intensity.
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Figure 4.8(a) shows the measured as-grown and aged 7cc vs. V of a device with 20%
BTCIC-IC, as well as the calculated reduction in 7cc using Eq. 4.5 based on increased dielectric
constant over time. Here, we assume the reduction of 7cc is the same for all devices with and
without dipolar molecules at the same Fpxy. The calculated 7cc vs. V' of OPVs with 20% dipolar
molecule is shown as dashed lines, which is consistent with measurement. Figure 4.8(b)
summarizes the measured and calculated changes in 7cc (at ¥=0) vs. dipolar concentration. The
agreement between calculation and experiment indicates that the loss in 7cc of devices containing

dipolar molecules is primarily due to the increased gzns and the corresponding reduction in Fpy.
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Figure 4.8 Evolution of charge extraction efficiency under 10 suns intensity illumination.

(a) Measured 7cc vs. V (solid lines) of OPVs comprising 20% dipolar NFA with time, along with calculated
characteristics (dashed lines) of the aged device. The inset is a magnified view of the curves around the maximum
power point. (b) Measured and calculated degradation in 7cc (at V' = 0) after 240h aging of OPVs vs. ratios of
dipolar BTCIC-IC.

Recently, studies of multilayer OLEDs have also revealed polarization-induced charge

2532 35 well as

accumulation at layer interfaces resulting from the presence of dipolar molecules,
the reorientation of dipoles during operation and its effect on device stability.*>3> Those

investigations have primarily focused on the exciton-polaron quenching and charge injection at

interfaces dominated by interfacial charges. In contrast, our work reveals that dipolar molecules
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affect the electric field distribution in the bulk of the OPVs. In both cases, our work suggests that
dipolar reorganization can result in unstable performance in a range of organic electronic devices.

It should be noted here that we demonstrated the impact of dipolar molecules on OPV
reliability, while this is not the only mechanism contributing to reduced device performance over
time. For example, the constituents arising from end-capping exchange might lead to faster
degradation compared to the intentionally blended molecules discussed in this work, even though
they have the same dipolar components.'® This indicates that the interactions between NFAs during
solution preparation may lead to other degradation mechanisms than those studied here. Moreover,
the stability comparison between different material systems should not be based solely on the
concentration of dipole moments. Other aspects such as chemical or thermal stability may also

play important role on device reliability.

4.4 Conclusion

In this chapter, we demonstrated that dipolar molecules in the BHJ of OPVs aggregate and
align anti-parallel to neighboring molecules during device aging, resulting in increased dielectric
constant, which in turn, reduces the electric field across the BHJ. This change manifests itself in a
decreased charge collection, and hence power conversion efficiency of the OPV. With higher ratio
of dipolar molecules in the BHJ, the increase in & as well as the loss in 7cc and PCE are intensified.
The forgoing analysis suggests that dipolar molecules in organic electronic devices can negatively
impact their operational stability due to their time-dependent reorientation that affects the electric

field within the thin films of which they are comprised.
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Chapter 5
Ternary Tandem Organic Photovoltaic with Extended Near-

infrared Absorption

Stacking single-junction organic solar cells is effective in increasing the PCE by reducing
the thermalization loss and increasing the open circuit voltage. Recent developments of non-
fullerene acceptors (NFAs) offer a range of materials whose energy gaps are suited for absorbing
relatively narrow slices of the solar spectrum, thus easing requirements for current balance
between sub-elements in the multi-junction stacks. In this chapter, we demonstrate a solution-
processed tandem organic solar cell comprising a binary, visible-absorbing sub-cell and a ternary
near-infrared (NIR) absorbing sub-cell. The ternary NIR sub-cell utilizes a narrow energy gap NFA
acceptor that enables broadened and increased absorption compared to a binary NIR sub-cell. An
isopropanol surface treatment is developed to connect the hydrophilic-hydrophobic surfaces in the
charge recombination zone (CRZ) located between the sub-cells. The nearly optically and
electrically lossless CRZ combined with an anti-reflection coating results in a tandem OPV with

PCE = 15.9 £ 0.2 % under AM1.5G simulated illumination.
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5.1 Introduction

OPVs are considered a promising means for solar energy harvesting due to their potential
for low-cost, lightweight, transparency and flexibility.!* By stacking wide and narrow energy gap
cells into multi-junction devices, the PCE can exceed the thermodynamic limit of single-junction
devices due to their broader absorption spectral range with less thermalization losses and increased
open circuit voltage.>!° Solution processed NFAs based on conjugated thiophene backbones have
also provided a variety of molecules with spectral coverage useful for achieving current balance
in multi-junction solar cells while being compatible with a diversity of donor molecules.!'~!* In
this work, we demonstrate a high efficiency tandem OPV structure that comprises one binary and
one ternary solution-processed sub-cell. The development of NIR absorbing NFA molecules with
long wavelength (>1000 nm) cutoffs is critical to achieving a high PCE.®!>-!° Here, we utilize a
narrow energy gap NFA BEIT-4F that provides absorption at wavelengths up to 1050 nm when
combined with donor PCE-10, which enables the tandem solar cell to achieve broad spectral
coverage from the blue to the NIR. We introduce a surface treatment with isopropanol to improve
wetting without the need to add surfactant into the poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) in the charge recombination zone (CRZ).2° The tandem cell
device achieves PCE = 15.2 £ 0.2 % under AM1.5G simulated illumination. In addition, an anti-
reflection coating (ARC) is deposited on the glass substrate to further increases the efficiency to

15.9 + 0.2%.

5.2 Materials Absorption

The tandem OPV is composed of two sub-cells absorbing in different regions of solar

spectrum. For the visible-absorbing sub-cell, we employ a wide energy gap NFA SFT8-4F
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combined with the polymer donor, PM6. Figure 5.1(a) presents the normalized thin film absorption
spectra of these two molecules. As shown, the absorption of SFT8-4F peaks at 750 nm, after which
it decreases rapidly.

The ternary NIR absorbing sub-cell comprises a single donor PCE-10 and two acceptors
BT-CIC and BEIT-4F. N-annulated perylene and dithienopicenocarbazole-based derivatives have
been successfully applied in efficient dye-sensitized and organic solar cells due to their planar
frameworks and electron-donating capabilities.!®?1=23 As shown in Fig. 5.1(b), the strong electron-
donating motif dithienopicenocarbazole was incorporated into the BEIT-4F molecule to shift its
absorption into the NIR, which is complementary to the absorption of SFT8-4F. The thin film
absorption spectra of the three materials in Fig. 5.1(b) shows that the narrow energy gap NFA

BEIT-4F has absorption spectrum which is 50 nm red-shift compared to BT-CIC.
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Figure 5.1 Absorption spectra of materials.

(a) Absorption spectra of donor PM6 and acceptor SFT8-4F used in the visible-absorbing sub-cell. (b) Molecular

structure of NIR absorbing acceptor BEIT-4F and absorption spectra of donor PCE-10 and acceptors BT-CIC and

BEIT-4F of NIR-absorbing sub-cell.
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5.3 Ternary NIR Absorbing Sub-cell

5.3.1 Experimental Methods
Device fabrication
The OPVs were grown on a detergent- and solvent-cleaned, 145 nm thick film of ITO,
patterned into 2 mm wide stripes on a glass substrate. The ZnO precursor solution was spin-coated
onto the substrate at 3000 rpm and baked at 160°C in air for 30 min. The PCE-10:BT-CIC:BEIT-
4F solutions with different blend ratios were prepared in CB with 10% chloroform (CF) at a
concentration of 16 mg/mL. The solutions were stirred overnight at 65°C at 300 rpm. The active
layer was spin-coated on top of ZnO at 2000 rpm for 90s in an ultrapure nitrogen environment (O2
< 0.1 ppm, H>2O < 0.1 ppm). The samples were then transferred into a high vacuum chamber (base
pressure ~107 Torr) for deposition of a 10 nm thick film MoOs at 0.5 A/s, and a 100 nm Ag was
deposited at 0.6 A/s. The device areas of 2 mm x 2 mm were defined by the overlap of the patterned
ITO anode and the Al cathode that is deposited through a shadow mask.
Device characterization
The J-V and EQE characteristics were measured in a glovebox filled with ultrapure
nitrogen. The J-V characteristics were measured through a 4 mm? mask to define illuminated area.
Other measurement details are the same as in previous chapters.
PL and EL measurements
The ternary devices were encapsulated with epoxy in an ultrapure nitrogen environment to
measure PL and EL in air. For PL measurements, the samples were excited at A = 442 nm using a
continuous wave He-Cd laser. The spectra were collected using a fiber-coupled monochromator
(Princeton Instruments, NJ, USA, Model SP-2300i) equipped with a Si charge-coupled device

(CCD) (PIXIS:400). The charge transfer state EL spectra were measured under 3V forward-bias,
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collected using a fiber-coupled monochromator equipped with a Si CCD and an InGaAs
photoreceiver with sensitivity from A = 800 to 1700 nm (Newport, CA, USA, Model 2153). The

EL spectra were fit with Gaussian distributions using OriginPro 2017.

5.3.2 Ternary Device Performance

The J-V characteristics under simulated AM1.5G illumination and EQE spectra of ternary
devices with different blend ratios are shown in Fig. 5.2(a) and 5.2(b), with detailed device
performance data listed in Table 5.1, note that the Jsc values are integrated from EQE spectra and
reference AM1.5G spectrum to ensure accuracy. Compared to PCE-10:BT-CIC, the PCE-10:BEIT-
4F binary OPV shows broader EQFE spectrum that absorbs up to 1050 nm, a higher Voc=0.754 V
+0.005 V vs. 0.695 V +0.004 V and a lower FF = 0.56 + 0.01 vs. 0.71 £ 0.01. As shown in Figs.
5.2(b) and 5.2(c), adjusting the ratio of the two binary heterojunctions gives rise to EQE, Voc and

FF that fall between those of the binaries, and change monotonically with the blend ratio.
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Figure 5.2 Performance of ternary OPVs based on PCE-10:BT-CIC:BEIT-4F with different blend ratios.

(a) J-V characteristics under 1 sun, simulated AM1.5G illumination and (b) EQE spectra of ternary cells with
different PCE-10:BT-CIC:BEIT-4F blend ratios. (c) Voc and FF as a function of BEIT-4F blend ratio.
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Table 5.1 Performance of PCE-10:BT-CIC:BEIT-4F ternary OPVs with different blend ratios under
simulated AM1.5G illumination.

PCE-10:BT-CIC:BEIT-4F | Js¢* (mA/cm?) | Voc (V) FF PCE (%)
1:1.5:0 22.5+0.2 0.695+0.004 | 0.71 +0.01 11.0 0.1
1:1.25:0.25 222403 0.703 + 0.003 | 0.67 +0.01 10.5+0.2
1:1.25:0.5 22.6+0.2 0.715+0.003 | 0.65 = 0.01 10.9+0.1
1:1.25:0.75 225402 0.726 + 0.004 | 0.62 +0.01 104402
1:0:1.5 220403 0.754+0.005 | 0.56+0.01 | 9.3+0.1

a: the Jsc values are integrated from EQE spectra.

5.3.3 Electronic States in the Ternary OPV

To systematically study the photogeneration mechanism in the ternary blends, we
investigated their electronic states. Figure 5.3(a) presents the PL spectra of the ternary PCE-10:BT-
CIC:BEIT-4F active region of the NIR sub-cell at different blend ratios. The PCE-10:BT-CIC
binary exhibits the 0-0 transition peak of PCE-10 at 1.73 = 0.01 eV, and for BT-CIC, at 1.39 + 0.01
eV. The PCE-10:BEIT-4F binary and all ternary mixtures at different blend ratios have a BEIT-4F
0-0 transition at 1.32 = 0.01 eV. In the ternary mixtures, excitons generated on BT-CIC rapidly
transfer to BEIT-4F, which accounts for the absence of BT-CIC exciton peak in the PL spectra.
Thus, the excited states in the ternary blends are not influenced by the mixture composition. Figure
5.3(b) shows the EL spectrum of PCE-10:BT-CIC binary blend. The spectrum comprises a BT-
CIC exciton peak at 1.37 + 0.02 eV and a PCE-10:BT-CIC charge transfer (CT) peak at 1.10 £
0.02 eV. In Fig. 5.3(c) the EL spectrum of PCE-10:BEIT-4F binary blend is fit with a BEIT-4F
exciton peak at 1.30+0.02 eV and a PCE-10:BEIT-4F CT peak at 1.15 +0.02 eV. The small energy
offset between the HOMO of PCE-10 and BEIT-4F gives rise to hole transfer from the PCE-10 to

the BEIT-4F HOMO. Hence, there is a prominent BEIT-4F exciton peak in the EL spectrum. Figure

107



5.3(d) presents the EL spectrum of a PCE-10:BT-CIC:BEIT-4F (1:1.25:0.5, w/w/w) ternary blend,
which comprises BEIT-4F, PCE-10:BT-CIC CT and PCE-10:BEIT-4F CT exciton peaks, which
are the same as those in the binaries. A similar fitting procedure is applied to this ternary system
with different acceptor blend ratios. The spectral features fit well with the electronic states of the
binaries. With these results, we infer that the ternary OPV operates as the combination of two,
parallel-connected binary heterojunctions,?* which is consistent with the observed ternary device

performance parameters that are between those of binaries and change monotonically with blend

ratio.
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Figure 5.3 Electronic states in PCE-10:BT-CIC:BEIT-4F ternary OPVs.

(a) PL spectra of PCE-10:BT-CIC:BEIT-4F blends at different blend ratios. (b) EL spectrum of 1:1.5 PCE-10:BT-
CIC binary cell, with Gaussian peaks fit (dashed lines) and their sum (blue line). (¢) EL spectrum of 1:1.5 PCE-
10:BEIT-4F with fits as in (b). (d) EL spectrum of 1:1.25:0.5 PCE-10:BT-CIC:BEIT-4F with fits as in (b).
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5.4 Tandem Solar Cell

5.4.1 Tandem OPYV Structure

To construct an optimized tandem OPV, the optical field was simulated to determine layer
thicknesses and positions within the tandem cell required to achieve current balance. The lack of
metal anode reflection of the PM6:SFT8-4F front sub-cell (i.e. the sub-cell adjacent to the
transparent ITO cathode) requires a thicker active layer to compensate for the reduced absorption,
with the optimized structure shown in Fig. 5.4(a). The front sub-cell absorbs primarily between
wavelengths of 4 = 350 nm and 750 nm, whereas the back sub-cell which is adjacent to the
reflective anode, absorbs primarily at 4> 750 nm. A nearly optically and electrically lossless CRZ
was introduced between the sub-cells consisting of a polymer layer PEDOT:PSS sandwiched
between a MoOs3 layer and a ZnO nanoparticle layer. To improve wetting between hydrophobic
and hydrophilic surfaces, a thin layer of MoO3 was thermal evaporated, and then precoated with a
thin layer of isopropanol to initiate PEDOT:PSS deposition. As shown in Fig. 5.4(b), this treatment
significantly reduces the contact angle of PEDOT:PSS from 98.7° to 21.7°, and thus improves the

fabrication yield.
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Figure 5.4 Design of tandem OPV.
(a) Tandem device structure with optimized layer thicknesses and corresponding simulated optical field intensity
distribution. (b) The contact angle of PEDOT:PSS when deposited before and after surface treatment.
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5.4.2 Experimental Methods
Tandem device fabrication
The tandem cells were grown on similarly prepared substrates as the single junction OPVs.
The ZnO precursor was spin-coated onto the substrate at 3000 rpm and was baked at 160°C in air
for 30 min before the samples were transferred into the ultrapure nitrogen environment. The
PM6:SFT8-4F solution was prepared in CB at total concentration 20 mg/mL and stirred overnight
at 65°C at 300 rpm. The solution was spin-coated at 2000 rpm for 90s to form a 120 nm thick film
on top of ZnO. A 10 nm thick film of MoO3 was thermally evaporated in vacuum at 0.25 A/s. The
samples were then transferred to the ultrapure nitrogen environment and an IPA layer was spin-
coated at 300 rpm for 45s followed by spin-coating filtered PEDOT:PSS (filtered through a
Whatman™ 0.45 um nylon filter w/glass micro fiber) at 5000 rpm. ZnO nanoparticles were
synthesized as previously?® and dissolved in 15 mL 1-butanol, with a drop of butylamine added to
help the solids disperse. The solution was spin-coated on the PEDOT:PSS at 3000 rpm, followed
by spin-coating the back cell active layer at 2000 rpm, and thermally annealed at 120°C for 8 min.
The PCE-10:BT-CIC:BEIT-4F solution was prepared in CB with 10% CF at 18 mg/mL and stirred
overnight at 65°C at 300 rpm before spin-coating. The samples were transferred into a high vacuum
chamber for MoOs thermal evaporation at 0.5 A/s for a 10 nm thick film and a 100 nm film of Ag
deposited at 0.6 A/s. The ARC was grown onto the glass substrate after the devices were complete.

The 120 nm MgF, film (nMgF2=1.38i0.01) was thermally evaporated, and the 130 nm SiO; film

was grown by electron-beam deposition with the substrate at an angle of 85° to the beam direction
to achieve a low refractive index ng;o,=1.12+0.03.2627

Tandem device characterization
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The J-V characteristics were measured similar as the single-junction devices. The EQE of
the individual sub-cells in the tandem devices were measured using both optical and electrical
bias.?® The continuous illumination from a LED was coupled with chopped monochromated light
to provide bias illumination. The front sub-cell EQE was measured with bias illumination provided
by a LED emitting at 780 nm (Thorlabs, NJ, USA, Model M780LP1), and under a forward bias
voltage of 0.6V to compensate the voltage of the back cell. The back sub-cell EQE was measured
with bias illumination provided by a fiber-coupled LED at 455 nm (Thorlabs M455F1) and a
forward bias voltage of 0.8V. The electrical bias was measured for the sub-cells under

corresponding illumination.

5.4.3 Device Performance

Figures 5.5(a) and (b) presents the J-V characteristics and EQE spectra of the single-
junction and tandem devices, with details listed in Table 5.2. The PM6:SFT8-4F (1:1.5, w/w, 80
nm) single junction device reaches PCE = 12.1 + 0.3 % with Jsc = 18.4 + 0.3 mA/cm?, Voc = 0.98
+ 0.01 V and FF = 0.67 £ 0.01. The trade-off between Voc and FF in PCE-10:BT-CIC:BEIT-4F
ternary NIR cell results in the highest PCE at a blend ratio 1:1.25:0.5 (w/w/w). Furthermore, the
active layer was thermal annealed at 120°C for 8 min to optimize the active layer morphology. The
NIR absorbing device with 75 nm active layer thickness has PCE = 11.7 + 0.3% with absorption
up to 1050 nm. This is 7% higher than the PCE of a PCE-10:BT-CIC binary device.

The optimized tandem OPV with 120 nm PM6:SFT8-4F front active layer and 90 nm PCE-
10:BT-CIC:BEIT-4F back active layer exhibits Jsc = 13.5 + 0.2 mA/cm?, Voc=1.66 +0.01 V, FF
=0.68£0.01 and PCE = 15.2 + 0.2% under simulated AM1.5G illumination. To reduce the optical

loss, an ARC consisting of a 120 nm MgF> layer (index of refraction Nyr,=1.38+0.01) and a 130
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nm low-refractive-index SiO» layer®® (ng;o,=1.12+0.03) was deposited on the glass substrate,
which reduced the reflection of glass substrate between 400 and 1000 nm for approximately 4%.%’
The tandem device with the ARC has an increased Jsc and a correspondingly increased PCE. As
shown in Fig. 5.5(b), the tandem solar cell absorbs from 350 nm to 1050 nm. The reduced
absorption of the front sub-cell is due to the lack of electrode reflection and back sub-cell
absorption within the same wavelength region. This provides for current balance between sub-
cells, along with a concomitant reduction in Jsc compared to that of the single junction PM6:SFTS-
4F device. The integration of the EQE spectra gives a balanced front sub-cell Jsc = 14.2 mA/cm?
and back sub-cell current of Jsc = 14.1 mA/cm?. The tandem device with an ARC reaches PCE =

15.9 £ 0.2%. Detailed performance parameters are listed in Table 5.2.
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Figure 5.5 Ternary tandem OPYV performance.

(a) J-V characteristics of single-junction and tandem devices. (b) EQE of single-junction and tandem cells. The
symbols are for discrete single-junction devices, whereas the dashed and solid lines are for sub-cells in the stack
and their sum, colors represent the same sub-cells as in (a).

Table 5.2 Discrete sub-cells and tandem devices performances under simulated AM1.5G illumination.

Device Jsc* (mA/cm?) Voc (V) FF PCE (%)
PM6:SFT8-4F=1:1.5 184+0.3 0.98 £0.01 0.67 +0.01 12.1£0.3
PCE-10:BT-CIC:BEIT-4F
14105:0.5, TA 243+04 0.70 + 0.01 0.68 +0.01 11.7+0.3
Tandem w/o ARC 13.5£0.2 1.66 £ 0.01 0.68 +£0.01 152+0.2
Tandem w/ ARC 14.1+0.2 1.66 +0.01 0.68 +0.01 15.9+0.2

a: Jsc calculated from integrated EQE.
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With rapid development in material synthesis, single-junction OPV has reached over 19%
efficiency.!3142%3% Multijunction solar cells can exceed the single-junction thermodynamic limit
due to their benefits of lower currents (and hence reduced series resistance losses), which suggests

that there is still potential to improve the tandem OPV efficiency.

5.5 Conclusion

To conclude, we demonstrate a high efficiency tandem OPV structure with a NIR-
absorbing PCE-10:BT-CIC:BEIT-4F ternary back sub-cell combined with a visible-absorbing
binary PM6:SFT8-4F front sub-cell. The NIR-absorbing NFA BEIT-4F extends the absorption of
the back sub-cell to 1050 nm and results in current balance with the shorter wavelength absorbing
binary front sub-cell. A nearly optically and electrically lossless CRZ comprising a hydrophilic
PEDOT:PSS layer sandwiched between MoO3 and ZnO nanoparticle layers is constructed using
an isopropanol surface treatment. The tandem device on an ARC-coated glass substrate reaches a

maximum PCE = 15.9 + 0.2 % under AM1.5G simulated illumination.
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Chapter 6
Semitransparent Organic Photovoltaic Module with

Minimal Resistance Loss

Recent developments in semitransparent organic photovoltaics (ST-OPVs) with potential
applications to building integrated power generating windows have shown substantial increase in
PCE and average photopic transmission (APT) at the laboratory scale. However, less attention has
been paid to the area scaling of ST-OPV cells. In this chapter, we investigate the scalability of ST-
OPV cells from 4 mm? to 1 cm?, as well as 9 cm? active area prototype module. By integrating
both top and bottom metal grids onto the transparent electrodes, the series resistance loss of 1 cm?
ST-OPV cell is significantly reduced and is comparable to that of the grid-free 4 mm? cell. Nine 1
cm? cells are then connected in a series-parallel circuit to realize a prototype ST-OPV module. A
100% fabrication yield with only 5% PCE deviation among discrete cells is achieved. The
semitransparent module shows PCE = 7.2 + 0.1% under simulated AM1.5G illumination at 1 sun
intensity, which exhibits no connection resistance loss compared to that of the individual cells. The
ST-OPV module exhibits an APT = 38.1 + 1.1%, which enables a light utilization efficiency, LUE
=2.74 £ 0.09%. The method demonstrates a promising way for ST-OPV modules to scale without

compromising performance.
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6.1 Introduction

Building integrated photovoltaics (BIPV) that employ transparent solar cells on window
panes provide a space-efficient and attractive solution to solar energy harvesting.!” Unlike
conventional inorganic semiconductors, organic semiconductors have relatively narrow excitonic
absorption spectra that allow for OPV featuring transparency across visible spectrum, while
selectively absorbing in the NIR.®® In this regard, OPVs are an attractive BIPV technology that
can simultaneously achieve a high PCE along with a high average photopic transmission (APT).
Over the past few years, OPVs have been demonstrated with impressive PCE and exceptional
intrinsic stability.”~!* Furthermore, with the development of NIR-absorbing materials and optical
structures, ST-OPVs have realized remarkable improvements in light utilization efficiency (LUE
= PCE x APT) up to 5.0%.!42? Starting from this promising performance, an estimated cost of
0.47 - 1.6 $/W,, has been reported,?® which motivates practical and widespread deployment of ST-
OPVs in BIPV applications.

It remains questionable, however, whether these highly efficient laboratory-scale, small-
area ST-OPVs can maintain their performance when translated to larger modules. To date, research
on OPV modules has primarily focused on multi-junction strategies and improved material design
in opaque devices,?*?* while less attention has been paid to the scalability of ST-OPVs,26-34
Compared to opaque OPVs with one thick, highly conductive metal electrode, ST-OPVs require
both electrodes to be transparent, which doubles the overall series resistance loss, and significantly
limits their scalability. Moreover, the narrow energy gaps of NIR-absorbing materials required in
ST-OPVs result in a low Voc, which worsens series resistance losses by reducing the FF and,

ultimately, the PCE.?*3>
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Here, we demonstrate a scalable ST-OPV prototype module with a negligible compromise
of efficiency from series resistance losses. The ST-OPVs employ BHJ based on a low energy gap
polymer donor, PCE-10, combined with a NIR absorbing acceptor, BT-CIC.® As the active area of
the cells scale from 4 mm? to 1 cm? the sheet resistance of the ITO cathode and the thin,
semitransparent Ag anode dominates the specific series resistance (Rs4), which reduces the FF
and PCE. By employing finely patterned metal grids on the two transparent electrodes,*®*° the
series resistance loss of 1 cm? device is significantly reduced, leading to an improved PCE close
to that of a 4 mm? device. Based on these findings, nine 1 cm? ST-OPV devices are integrated into
a prototype module and connected in a series-parallel circuit configuration®* with a geometric fill
factor (GFF) of 65%. A 100% fabrication yield with cell-to-cell PCE variation of < 5% is achieved.
The module performance shows no loss from connection resistance compared to the discrete cells.
Combined with an optimized visible light outcoupling (OC) structure, the ST-OPV module exhibits
LUE = 2.74 + 0.09% with APT = 38.1 + 1.1% and PCE = 7.2 £+ 0.1% under simulated AM1.5G
illumination at 1 sun intensity. With the combination of NIR absorbing BHJ, OC structure and
minimized resistance loss in module construction, this is a significant improvement over previous

reported ST-OPV module perfromance.? -3

6.2 Impact of Series Resistance on 1 cm? OPV

6.2.1 Experimental Methods
Figure 6.1 shows a schematic illustration of the 1 cm? ST-OPV structure, which employs a
80 nm PCE-10:BT-CIC (1:1.5 w/w) BHJ, with 30 nm thick ZnO and 20 nm thick MoOQs as electron
and hole transporting layers, respectively. The Au surrounding and grids on bottom electrode as

well as the Ag grids on top electrodes are employed to reduce series resistance loss.
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Figure 6.1 Schematic of 1 cm? ST-OPYV device structure.
Schematic of the 1 cm? ST-OPV device structure composed of electrodes with integrated grids,
heterojunction and optical outcoupling (OC) layers.

Au grids/ITO cathode fabrication
Glass substrates were cleaned with detergent and solvents before deposition. A 150 nm
thick ITO layer was sputter-deposited at 1.72 A/s in a high vacuum chamber (base pressure ~107
Torr) and thermally annealed at 400°C for 5 min in forming gas (5% Hz + 95% N). The ITO was
photolithographically patterned and wet etched using HCI:H20 (3:1) to define the square shaped
cathode. The Au surrounding bars (0.5 mm wide, 200 nm thick on a pre-deposited 10 nm thick Ti
adhesion layer) are photolithographically patterned along three edges of the ITO cathode, and Au
grids (20 um wide, 400 um separation, 45 nm thick with a 5 nm thick Ti adhesion layer) are
patterned across the entire cathode. All Au and Ti layers were deposited via electron-beam
evaporation at 5 A/s.
Ultrathin Kapton shadow mask preparation
As described in Fig. 6.2, a 25 pm thick E-type Kapton foil is coated with 10 nm thick
Ti/500 nm Al using electron-beam evaporation. A 100 pm thick PDMS (Sylgard 184, base-to-
curing agent weight ratio = 10:1) membrane is spun at 800 rpm on a 10 cm diameter Si handle and

cured at 100°C for 3 h. The Kapton foil with Al layer facing up is then attached to the PDMS
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membrane to eliminate curling. The top grid pattern (20 pm wide, 600 pm separation) is
photolithographically defined on the foil. The foil is etched using Cl» plasma (H2:Cl2:Ar = 12:9:5
sccm, 10 mTorr chamber pressure, 500 W inductively coupled plasma (ICP) power, 100 W forward
power for 1 min) to remove the Ti and Al layers and expose the Kapton. The 25 um Kapton foil is
then etched through using O; plasma (O2 =20 sccm, 6 mTorr chamber pressure, 500 W ICP power,
100 W forward power for 40 min). Finally, the Kapton foil is detached from the PDMS membrane

and soaked in buffered HF for 6 min to remove the remaining Al and Ti.

Plasma etching K;p:l)n peel-olff
v+ v remova

» Photoresist
LICICICICI Al etching mask

PDMS \ Kapton foil

Figure 6.2 Fabrication flow of Kapton shadow mask.
Schematics of the fabrication flow of ultrathin Kapton shadow mask for fine metal grid deposition on top

electrode.

Device fabrication

Glass substrates with a patterned cathode (ITO or Au/ITO) were cleaned using detergent
and solvents followed by UV ozone exposure for 15 min before growth. The ZnO precursor
solution was spin-coated onto the substrate at 3000 rpm and baked at 160°C in air for 30 min. The
PCE-10:BT-CIC solution was prepared in chlorobenzene with 10% chloroform at a concentration
of 16 mg/mL and stirred overnight at 65°C, 350 rpm. After filtering through a 0.45 pm
polytetrafluoroethylene filter, the solution was spin-coated at 2000 rpm on top of ZnO layer in
ultrapure N2 (02 <0.1 ppm, H2O <0.1 ppm). Then the samples were transferred into a high vacuum
chamber (base pressure ~107 Torr) for thermal evaporation of 20 nm thick MoOs at 0.2 A/s. For 1
cm? devices, the MoOs layer was deposited through a shadow mask. For the module fabrication,

after MoOs deposition, the ZnO, BHJ and MoOs layers were mechanically scribed into nine units
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based on the cathode pattern to separate devices and expose one edge of each cathode for series
connection. Then 16 nm thick Ag was thermally evaporated at 0.1 A/s (100 nm Ag at 0.1-0.6 A/s,
for opaque devices) through a shadow mask followed by 100 nm Ag grid deposition at 0.1-0.6 A/s
through the Kapton shadow mask to construct the anode. The anode has a 1 cm? overlap with the
cathode pattern to define the unit device area. The outcoupling structure was thermally evaporated
in a high vacuum chamber (base pressure ~1077 Torr) at 0.5 A/s for each layer.
Device characterization

The J-V characteristics and EQE of 4 mm? and 1 cm? devices were measured in a glovebox
filled with ultrapure nitrogen similar to previous chapters. The EQE measurements were performed
with focused beam that underfills the device area, for the devices with grids the beam can underfill
the device area between grids. The transmission spectra were measured using UV-vis spectrometer
(Perkin-Elmer 1050). The reflection spectra were measured using an F20 Filmetric thin film

measurement instrument integrated with a spectrometer and a light source from 395 nm to 1032

nm.
The average photopic transmission (APT) is calculated using the formula:'41341
_ [TPWs@ar
APT = [P()S(DdA (6.1)

where A is wavelength, T (1) is the transmission, P(4) is the photopic spectral response of human
eyes, and S(A) is the AM1.5G solar irradiance, which is the incident light spectrum of a solar cell.
APT has also been referred to as average visible transmission (AVT).>!71842-46 However, AVT is
also understood as the average transmittance in the visible region.!®274748 Hence, APT as defined

above eliminates that ambiguity.
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6.2.2 1-cm? OPV Performance

To investigate the resistance loss from the bottom ITO cathode with area scaling, we first
fabricated opaque OPV devices with 100 nm thick top Ag anode. The J-V characteristics are shown
in Fig. 6.3(a), with detailed performance parameters listed in Table 6.1. The 4 mm? opaque device
(red line with squares) has Rs4 = 1.5 £ 0.1 Qecm?, however, the Rs4 increases to 15.4 + 0.5 Qecm?
as the active area increases to 1 cm? (blue line with circles) due to the 15 Q/sq large sheet resistance
of ITO, which results in a significant decrease in FF from 0.69 + 0.01 to 0.39 + 0.03. To reduce
the RsA4 from ITO, we integrate a 500 nm thick Au surrounding and 50 nm thick Au grids onto the
ITO cathode, as shown for the bottom electrode in Fig. 6.1. The nearly invisible grids are patterned
into 20 um wide stripes with 400 um separation via photolithography. The grids reduce RsA4 of the
1 cm? opaque device (yellow line with triangles) to 3.1 + 0.4 Qecm?, leading to FF = 0.65 = 0.01.
Although the Jsc is decreased from 23.1 £ 0.7 mA/cm? to 22.0 + 0.4 mA/cm? because the Au grids
partially block the light incident on the photoactive region, a significant increase in PCE from 5.9
+0.3% to 10.0 + 0.2% 1is realized.

The 1 cm? ST-OPV devices with a 16 nm thick, semitransparent Ag anode was fabricated,
with J-V characteristics shown in Fig. 6.3(b) and parameters listed in Table 6.1. Compared to 4
mm? devices (red line with squares) with Rs4 = 1.8 0.1 Qecm?, the 1 cm? ST-OPV with integrated
bottom electrode (blue line with circles) shows Rs4 = 9.5 + 0.3 Qecm?, indicating that the
resistance is mainly due to the ultrathin Ag anode which has sheet resistance of 6 /sq. As
illustrated in Fig. 6.1, we deposited a layer of 100 nm thick Ag top grids with 20 pum grid width
and 600 pm separation patterned using a 25 um thick Kapton shadow mask. Compared to
conventional metal shadow mask, the thin Kapton mask allows for ultrafine resolution patterning.

The reflection from the 100 nm Ag grids provides a slight increase in the Jsc of 1 cm? ST-OPV
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from 16.2 £ 0.3 mA/cm? to 16.5 = 0.1 mA/cm?. The RsA of the 1 cm? ST-OPV (yellow line with
triangles) is reduced to 4.3 + 0.2 Qecm?, which leads to an increase in FF from 0.57 +0.01 to 0.65

+0.01, and the PCE from 6.3 £ 0.2% to 7.3 = 0.1%.
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Figure 6.3 Performance of 4 mm? and 1 cm? OPV devices.
(@) J-V characteristics of 4 mm? (red, square), 1 cm? (blue, circle). and 1 cm? cathode with grids (yellow, triangle)
OPV devices. (b) J-V characteristics of 4 mm? (red, square), 1 cm? (blue, circle) and 1 cm? anode with grids
(yellow, triangle) ST-OPV devices. (c) J-V characteristics and (d) EQE spectra of 1 cm? ST-OPV cells with (blue,
circle) and without (red, square) the OC structure. (e¢) Transmission the reflection spectra of the ST-OPV stack
with (blue, circle) and without (red, square) the OC structure.

The 1 cm? ST-OPV shown in Fig. 6.1 combines the bottom and top grid electrodes with the
4-layer OC structure comprising ZnS (30 nm)/MgF> (100 nm)/CBP (90 nm)/MgF> (10 nm) at the
top surface to improve visible transmission. The integration of grids on both electrodes occupies
7% of the device active area and blocks the view directly behind the grids. Figures 6.3(c) and (d)
show the J-V characteristics and EQE spectra of the 1 cm? ST-OPV with and without the OC
structure, and the detailed parameters are provided in Table 6.1. The transmission and reflection

spectra of the ST-OPV stack with and without the OC layers are plotted in Fig. 6.3(e). The OC
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structure significantly increases the transmission of ST-OPV in the visible, which results in an

improved APT from 20.0 + 1.0% to 38.1 + 1.1%, while PCE = 7.3 £ 0.1% is maintained.

Table 6.1 Performance of 4 mm? and 1 cm? OPV devices under simulated AM1.5G illumination.

] Jsc . RsA .
Device (mA/em’) Voc (V) FF PCE (%) Qeom?) APT (%)
Opaque
4 mm> 235+0.8 | 0.69+0.01 | 0.69+0.01 | 112+04 | 15+0.1 -
1 cm? 231+07 | 069+0.01 | 039+0.03 | 59+03 | 154+0.5 .
2
1 cm” w/ 220+£04 | 0.69+0.01 | 0.65+£0.01 | 10002 | 3.1+04 -
bottom grid
Semitransparent (ST)
4 mm> 175+0.6 | 0.68+0.01 | 0.69+0.01 | 82+03 1.8+0.1
2
1 em” w/ 162+03 | 0.68+0.01 | 057001 | 63+02 | 95+0.3
bottom grid
2
1 Cmgrgsb“h 165+0.1 | 0.68+0.01 | 0.65+0.01 | 73+0.1 | 43+02 | 20.0+1.0
2
Lem“w/both | cv 65 | 068001 | 0664001 | 73+0.1 ] 381+ 1.1
grids and OC

6.3 Prototype ST-OPV Module

6.3.1 Module Design

We then fabricated a small prototype module comprising nine, 1 cm? ST-OPVs cells with
both grids and OC structures. As shown in Fig. 6.4, three discrete cells are series connected with a
0.3 cm interconnection distance to form a column, while three columns are separated by 0.25 cm,
and are connected in parallel with the contact electrodes to construct the module. This design has
a GFF = 65%, which is limited by the width of bottom electrode Au surrounding bar, and the use
of mechanical scribing to pattern the heterojunction layers. By increasing the Au side bar thickness,
the width can be narrowed without affecting performance. Mechanical scribing can also be

replaced with higher resolution laser scribing to further improve the GFF.#
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Figure 6.4 Schematic of the design of prototype ST-OPV module.
[llustration of the series-parallel connected prototype ST-OPV module comprising nine sub-cells.

6.3.2 Module Performance

The current-voltage (I-V) characteristics of 9 cm? active area module were measured in air
using a solar simulator with a 1000 W Xe lamp with an AM1.5G filter (Oriel Instruments, Model
91191) whose 1 sun intensity was calibrated by a Si reference cell.

The fabrication yield of discrete cells is 100%. Under 1 sun illumination, the nine
individual cells exhibit short-circuit currents of Isc = 16.8 + 0.1 mA, Voc = 0.67 £ 0.01 V, FF =
0.63 = 0.01. All the parameters have cell-to-cell variations of < 5%. The PCE of the discrete cells
ranges within 7.2 £+ 0.2%, as shown in Fig. 6.5(a). Figure 6.5(b) shows the /-} characteristics of a
discrete cell and the module, with detailed parameters shown in Table 6.2. We obtain a module
output power of 65 + 3 mW under simulated AM 1.5G at 1 sun intensity, with Isc=51.1 £ 1.0 mA,
Voc=2.00£0.01 Vand FF=0.63 + 0.01, corresponding to PCE = 7.2 + 0.1% in reference to the
active area of the prototype module. The module Voc is 0.5% less than the sum of the Voc of three
individual cells, while Isc is within 1.5% deviation from the sum of three individual cells. Also,

FF is the same as for the discrete cells, indicating that the resistance losses from electrodes and
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interconnections are minimal due to the metal girds and circuit layout. Combined with the

optimized transmission APT = 38.1 + 1.1 %, we obtain a module LUE = 2.74 + 0.09 %. A

photograph of the ST-OPV module is shown in the inset of Fig. 6.5(b).
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Figure 6.5 Performance of 9 cm? prototype ST-OPV module.
(a) Power conversion efficiencies of the discrete unit cells across the module. (b) /-7 characteristics of a discrete

cell (black, circle) and the module (red, square) under simulated 1 sun illumination. Inset: Photograph of the
prototype ST-OPV module.

Table 6.2 Performance of 9 cm> ST-OPV module under simulated AM1.5G illumination.

Device Isc (mA) Voc (V) FF PCE (%) APT (%)
1 cm? discrete cell | 16.8+0.3 | 0.67+0.01 | 0.63+0.01 72402 38.1+1.1
module 51.1+£1.0 | 2.00£0.01 | 0.63+0.01 72+0.1 38.1+1.1

Note that here we only demonstrate a prototype module as a means to study the effect of
scaling on resistance. Our results indicate that if high resolution electrode patterning is used, the
GFF can approach unity, in which case the reported PCE = 7.2 + 0.1% would also be achieved in
a practical module. Furthermore, note that the ST-OPV module overcomes the efficiency loss from

connection resistance as more cells are connected even in opaque OPV modules.*~° Our result
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suggests that with the foregoing fabrication process, ST-OPV modules with increased number of

columns and rows can have an increased Voc and Isc without degradation of either FF or PCE.

6.4 Conclusion

We investigated the effect of series resistance loss on the scalability of ST-OPV devices.
Compared to 4 mm? devices, the dominant contribution from ITO cathode and ultrathin Ag anode
sheet resistance results in a significantly increased resistive loss in 1 cm? ST-OPV cells. By
integrating Au grids onto the cathode and Ag grids onto the anode, the RsA is reduced such that
the PCE loss is negligible. Furthermore, with the application of a series-parallel circuit layout, we
demonstrated a 9 cm? active area, prototype ST-OPV module with 100% discrete cell yield and a
PCE variation within 5% across the module. The ST-OPV module exhibits PCE = 7.2 + 0.1%,
which has no loss compared to discrete cells performance, APT = 38.1 + 1.1%, and LUE = 2.74 +
0.09%. This demonstration provides a promising path for ST-OPV modules to achieve unlimited

scalability with uncompromised module performance.
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Chapter 7
Multilevel Peel-off Patterning of Semitransparent Organic

Photovoltaic Module

The previous chapter focused on reducing the resistance loss when scaling up ST-OPVs.
Another primary loss channel in ST-OPV modules is the large area consumed by cell
interconnections, which leads to geometric loss as well as deteriorated appearance. The
demonstration of efficient, large-scale ST-OPV modules with a GFF approaching 100%, however,
remains a challenge due to the lack of precise and high-resolution patterning methods compatible
with a broad range of organic materials. In this chapter, we employ a multilevel peel-off patterning
method that can achieve micron-scale resolution without exposing chemically sensitive organic
materials to solvents. Eight, 4 cm % 0.4 cm cells are connected in series with 200 um wide
interconnections to realize a prototype ST-OPV module with GFF = 95.8%. The ST-OPV module
exhibits PCE = 7.3 + 0.2% under simulated AM1.5G illumination at 1 sun intensity. With an APT
=41.8 + 1.4%, the light utilization efficiency is LUE = 3.1 + 0.1%. In addition, a neutral color ST-
OPV module is also demonstrated with LUE = 1.7 + 0.1% and International Commission on

[llumination (CIE) LAB coordinates (L*, a*, b*) =(53.7,-1.9, -3.9). The peel-off method provides
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a viable pathway for achieving photolithographic patterning resolution in organic electronic

devices.

7.1 Peel-off Patterning Method

Organic semiconductors are being employed for a range of modern photonic and electronic
devices due to their distinct advantages of low cost, light weight, flexibility, and environmental
compatibility.! The past few decades have witnessed remarkable developments in the performance
of such devices as OLEDs, OPVs and organic thin film transistors (OTFTs). An essential step to
realize high volume production of electronic devices is high-resolution patterning techniques.?®
While small, laboratory-scale OPVs have demonstrated high PCE with exceptional stability, OPV
modules can also benefit from high-resolution patterning, although this has attracted considerably
less attention.””!2 In particular, OPVs show considerable promise for use in power generating
windows due to their transparency across the visible spectrum along with selective absorption in
the NIR; a feature resulting from the relatively narrow excitonic absorption spectra of organic
semiconductors.!31> To date, ST-OPVs exhibit a light utilization efficiency of LUE = PCE x APT
as high as 5%, where APT is the average photopic transmission.!®?* To realize practical
applications, scalable fabrication processes of modules with minimal loss in power generation need
to be established. Considerable loss in OPV module efficiencies and visible artifacts in ST-OPVs
arise from the large area consumed by interconnections between constituent cells. Such
deficiencies can be significantly reduced by high-resolution patterning.

Conventional module patterning based on mechanical scribing, shadow masking, gravure

24-31

printing, slot-die coating, etc. often yield interconnection widths at the millimeter scale, and

result in a low geometric fill factor, GFF, which is the ratio between the active cell and the total
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module areas. In contrast, laser ablation has achieved interconnection widths of hundreds of
microns.*?® However, ablation can result in damage to the surrounding and materials comprising
the device.’>-° Moreover, the illumination wavelength and pulse durations must be tailored to
ablate only the targeted materials.’>3 As a result of these limitations, the highest efficiency opaque
OPV modules fabricated with laser ablation have shown approximately 10% PCE loss compared
to laboratory-scale devices. >3840

An alternative to these methods is photolithographic patterning. However, commonly used
photoresists contain solvents that can degrade chemically sensitive organic materials. Moreover,
lithographic patterning and photoresist removal can also employ reactive ion- or solvent-based wet
chemical processes that can damage organic semiconductors. Here, we employ a patterning
method that combines a non-destructive polymer-based peel-off patterning of ST-OPV modules
with photolithographic resolution.*'~#” The general elements of the peel-off patterning process are
provided in Fig. 7.1(a). A polymer is first coated on the substrate and patterned into long, narrow
strips with conventional photolithography. The choice of the polymer includes, but is not limited
to polyimide (PI), parylene, etc. After photoresist removal, the organic layer to be patterned is
deposited and the polymer strips are mechanically peeled off, removing the organic on their
surfaces from the module. Figure 7.1(b) shows a microscopic image of the organic blend film on
a glass substrate patterned by peeling off a 10 um wide PI strip. The wedge at the edge of the PI
strip is picked up to initiate the peel-off. In the method of Fig. 7.1, peel-off produces large scale
features with micron-scale resolution. Moreover, this method is independent of the details of the
organic materials system or layering scheme and does not damage the chemically sensitive active

layers.
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Figure 7.1 Description of the peel-off patterning method.
(a) Schematic illustration of the peel-off patterning procedure. (b) Microscopic image of PCE-10:BT-CIC blend
film on a glass substrate patterned by peeling off a 10 um wide polyimide (PI) strip.

Polymer peel-off

Similar methods have been employed in the patterning of biological materials,*'~*4

4346 and perovskites.*” Most of these demonstrations focus primarily on the patterning of

organics,
micron-scale features with a single level patterning step utilizing one polymer layer to pattern one
target layer. To achieve complicated device structures and circuit interconnection in a module,
however, multi-step/multilevel peel-off patterning over large substrate areas is essential. In recent
work that employs multi-step peel-off patterning, multiple polymer layers are repeatedly deposited
and lithographically removed over chemically sensitive materials, which severely degrades the
device performance.**’

In the following sections, we demonstrate multilevel peel-off patterning scheme in the
fabrication of prototype opaque and semitransparent OPV mini-modules with GFF = 95.8%. The

opaque OPV module reaches PCE = 10.3 + 0.3% under simulated AM1.5G illumination at 1 sun

intensity, which is only 5% less than an analogous 4 mm? device. Combined with an ultrathin Ag
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top electrode and a visible light out-coupling (OC) structure, the ST-OPV module exhibits LUE =
3.1£0.1% with PCE = 7.3 + 0.2% and APT = 41.8 + 1.4%. The module has a blue-green tint with
CIELAB coordinates of (L*, a*, b*) = (70.9, -11.3, -7.5). In addition, a color-neutral ST-OPV

module is demonstrated with LUE = 1.7 = 0.1% and (L*, a*, b*) = (53.7, -1.9, -3.9).

7.2 Module Fabrication

7.2.1 Multilevel Peel-off to Realize Series Connection

Figure 7.2 details the step-by-step multilevel pee-off patterning procedure to realize series
connection between individual OPV cells. The ITO bottom cathode is photolithographically
patterned into 4.15 mm wide strips, and a PI layer is coated onto the electrodes. The PI is patterned
into parallel, 50 um and 75 pm wide strips via photolithography. As shown in Fig. 7.2(a), there are
pairs of 50 um and 75 pm PI strips with 50 pm separation at the edge of each cathode strip. Next,
the ZnO and MoOs3 charge transport layers as well as the ternary BHJ, comprising a blend of the
narrow energy gap polymer donor, PCE-10, and two NIR-absorbing acceptors, BT-CIC and TT-
FIC, are deposited, see Fig. 7.2(b).!® The 75 um wide strips between two adjacent bottom cathodes
are peeled off to separate the charge transport layers and the BHJs of adjacent devices. This
exposes a portion of the bottom electrodes to allow series connection between cells, as shown in
Fig. 7.2(c). Finally, the Ag anode is deposited, and the remaining 50 um wide polymer strips are
subsequently peeled off to separate the top electrodes of two adjacent devices, see Figs. 7.2(d) and
(e). The microscopic image as well as the profilometry profile in Fig. 7.2(e) shows the 200 pm

wide interconnection between two individual OPV cells, featuring clean pattern edges.
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Figure 7.2 Schematic illustration of multilevel peel-off patterning scheme.

(a) to (e) Step-by-step schematic of the fabrication process used to create series cell connection via peel-off
patterning. The microscopic image and profilometry profile in (e) shows the interconnection region between two
individual ST-OPV cells in a module, with reference to the schematic.

7.2.2 Module Layout Design

In the module, a narrow individual cell width reduces the GFF, while a large width results
in increased series resistance loss from the transparent electrodes. Here, the width of individual
device is limited to 4 mm to minimize the total loss from both the GFF and series resistance,>#%4
and the length of each cell is 4 cm. The modules comprise eight, series connected 4 cm % 0.4 cm
cells separated by 200 pm wide interconnections, resulting in 12.8 ¢cm? active area for a total
module area of 13.34 cm? and GFF = 95.8%. A schematic illustration of the completed module is
shown in Fig. 7.3(a). Note that, for 10 um wide PI strips as demonstrated in Fig. 7.1(b), the
interconnection distance could potentially be reduced to 40 pm, giving GFF =99.1%. Furthermore,

the resolution and dimension of this patterning method depends on the tensile strength of the
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polymer and the stress applied to the strip during peeling, since as it will break if the latter exceeds
the former. Therefore, the possibility of failure during peeling is higher when the strip is narrower
and longer. These limitations can potentially be circumvented in meter-scale modules patterned at
resolutions of tens of microns, for example, by employing a roller to continuously release the stress

along the polymer strip during removal, as shown in Fig. 7.3(b).

(a) (b)

Contact electrode / T o
Top electrode /
Organic film

Bottom electrode
Figure 7.3 Design of module layout.

(a) Schematic of the series connected prototype OPV module layout comprising eight individual cells.
(b) Schematic of a roller-assisted peel-off design for patterning across large surfaces.

7.2.3 Experimental Methods
Substrate preparation
Glass substrates were ultrasonically cleaned with detergent, deionized water and solvents
before processing. A 150 nm thick, 15 €/sq. indium tin oxide (ITO) layer was sputter-deposited at
1.7 A/s in a high vacuum chamber (base pressure ~10° Torr, sputter pressure 3 mTorr) and
thermally annealed at 400°C for 5 min in forming gas (5% Hz + 95% Nb») to reduce the oxygen
concentration. The ITO was photolithographically patterned into 4 cm X 4.15 mm strips, with 50
um wide separation via wet etching using HCI:H20 (3:1, v/v). The 4 cm length of the ITO cathode

defines the individual device active area. Micro 90® was diluted in 1:1 (v/v) de-ionized water and
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isopropanol at a concentration of 5% and spin-coated on top of the ITO/glass substrate at 4000
rpm as a peel-off release agent layer. The polyimide (PI-2611) was spin-coated onto the substrate
at 5000 rpm followed by soft cure at 90°C and 150°C for 90 s each, and hard baked at 350°C for
30 min, which results in a thickness of 3 um. A layer of photoresist was spin-coated onto the PI
and photolithographically patterned and developed, then the PI layer was etched using O2 plasma
(C4Fs:02:He = 14:56:50 sccm, 30 mTorr chamber pressure, 500 W transformer coupled plasma
(TCP) power, 25 W bias power) into 50 um and 75 pm wide strips. After etching, the sheet
resistance of the substrate was measured via four-probe measurement to check whether there was
residue of polymer on the ITO. As shown in Fig. 7.2(a), a 50 pm wide PI strip is patterned on each
ITO strip, leaving a 4 mm ITO cathode on its left to define the width of the individual cell active
areas. A 75 um wide PI strip (50 um on the ITO, 25 um on the glass substrate) is patterned on the
edge of each ITO strip, and is located 50 um from the other strip. All PI strips are patterned with
a wedge on one side of their edges, to assist initiation of peel-off with tweezers.
Device fabrication

The substrates with patterned ITO and PI were ultrasonically cleaned with detergent,
deionized water and solvents before device fabrication. A ZnO precursor solution was spin-coated
onto the substrate at 3000 rpm after filtering through a 0.45 pm pore polytetrafluoroethylene
(PTFE) filter, and then baked at 160°C in air for 30 min. The PCE-10:BT-CIC:TT-FIC (1:1.25:0.5,
w/w/w) solution was prepared in chlorobenzene with 10% chloroform at a total concentration of
18 mg/mL and stirred overnight at 65°C, 300 rpm. After filtering through a 0.45 pm pore PTFE
filter, the solution was spin-coated at 1000 rpm on the ZnO layer in an ultrapure N> environment
(02 < 0.1 ppm, H,0 < 0.1 ppm). The samples were transferred into a high vacuum chamber (base

pressure ~1077 Torr unless otherwise noted) for thermal evaporation of 20 nm thick MoOs at 0.2
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Al/s. After the deposition, the 75 pm PI strips between two adjacent cells on the module were peeled
off. For opaque devices, 150 nm thick Ag was thermally evaporated at 0.1-0.6 A/s in vacuum as
the top electrode. For semitransparent devices, 16 nm Ag was sputtered at 0.2 A/s (chamber base
pressure ~107° Torr, sputter pressure 20 mTorr) as the top anode. After anode deposition, the 50
um PI strips left on the module were peeled off. The optical structure was thermally evaporated at
0.5 A/s for each layer. Modules were encapsulated by bonding a cover glass to the substrate with

an ultraviolet-curable epoxy bead around the module periphery.

7.3 Prototype OPV Module Performance

7.3.1 Characterization Method

The J-V characteristics and EQE spectra of 4 mm? devices were measured in a glovebox
filled with ultrapure N>, similar to the measurement methods in previous chapters. The Jsc values
of 4 mm? devices measured under the simulated AM1.5G illumination are with < 6% relative
mismatch compared to the EQE integration. The module /-V characteristics were measured in air
using a solar simulator with a 1000 W Xe lamp with an AM1.5G filter (Oriel Instruments, Model
91191) whose 1 sun intensity was calibrated with the Si reference cell, the calculated spectral
mismatch factor is between 1.004 and 1.011. The modules were scanned with 0.02V step voltage
and 100 ms integration time (Keithley 2400 source measure unit).

The transmission spectra were measured using UV-vis spectrometer (Perkin-Elmer 1050).
The reflection spectra were measured using an F20 Filmetric thin film measurement instrument
integrated with a spectrometer and a light source from 395 nm to 1032 nm. The CIELAB

coordinates and color rendering index are calculated with AM1.5G spectrum as the reference
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illumination and the transmitted light spectrum, T(A) - S(1), as the test light spectrum. The

correlated color temperature is calculated with the transmitted light spectrum, T' (1) - S(4).

7.3.2 Opaque Module

To study the feasibility of the patterning method, we fabricated an opaque OPV module
and an analogous 4 mm? device comprising a 150 nm thick ITO bottom cathode, an 80 nm thick
PCE-10:BT-CIC:TT-FIC (1:1.25:0.5, w/w/w) blended ternary BHJ, 30 nm thick ZnO and 20 nm
thick MoOx as electron and hole transporting layers, respectively, and a 150 nm thick Ag anode,
as illustrated in Fig. 7.4(a). The performance characteristics are shown in Figs. 7.4(b) and (c) with
detailed parameters listed in Table 7.1. The module achieves short circuit current Isc = 36.7 £ 0.6
mA, open circuit voltage Voc=15.42+0.02 V, fill factor FF'=0.66 + 0.01, and PCE = 10.3 + 0.3%.
Compared to the 4 mm? device, the module shows negligible loss in Isc (individual cell area 1.6
cm?, with an average short circuit current density of Jsc arg = 22.9 mA/cm?) and Voc, while the
FF decreases from 0.69 + 0.01 to 0.66 + 0.01, which is primarily due to resistance losses from the
ITO cathode. Since peel-off does not introduce damage to the materials comprising the devices,

the module PCE shows only a 5% decrease compared to the 4 mm? device.

(a) (b) 40 40 (C) 100
—o— Opaque OPV EQE]
Ag (150 nm)
4130

MoO, (20 nm)
PCE-10:BT-CIC: 203

TT-FIC (80 nm) =

ZnO (30 nm) 10

—o— 4 mm? opaque OPV
ITO —o— Opaque OPV module
0 é A 60 0 460 560 660 760 860 960 1000
Vv (V) Wavelength (nm)

Figure 7.4 Optoelectronic properties of opaque OPV modules.
(a) Schematic of the opaque OPV device structure. (b) J-¥ and I-V characteristics of an opaque 4 mm? device and
module. (c) EQE spectrum of the opaque OPV device.
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7.3.3 Semitransparent Module with Optimized APT

The ST-OPVs were fabricated by substituting the thick Ag anode with an ultrathin 16 nm
Ag layer, and integrating a 4-layer outcoupling structure comprising CBP (50 nm)/MgF> (100
nm)/CBP (80 nm)/MgF> (10 nm) (see supplemental experimental procedures),'®?! as illustrated in
Fig. 7.5(a). Figure 7.5(b) shows the J-V and I-V characteristics of the 4 mm? ST-OPV devices and
modules with and without the OC structure. The EQE, transmission, and reflection spectra of the
devices are plotted in Figs. 7.5(c) and (d), with detailed performance parameters provided in Table
7.1. The ST-OPV modules show negligible loss in Isc and Voc compared to the analogous 4 mm?
devices. The ultrathin Ag top anode introduces additional resistance loss due to its limited
conductivity. This results in a reduction in FF from 0.70 = 0.01 to 0.64 = 0.01. Figure 7.5(d) shows
that the transmission of ST-OPV device without an OC structure has a peak at a wavelength of A
= 430 nm, followed by a significant decrease at 4 > 500 nm due to the absorption by the device.
To improve the APT, an OC structure was employed to maximize the transmission of visible
wavelengths via control of interference peaks in the multilayer stacks.!® It enhances the
transmission between 400 nm and 600 nm, with a peak at 560 nm, which is close to the peak
photopic response of the eye. Therefore, the OC structure significantly improves the APT from
22.3+1.1% to 41.8 + 1.4%. However, the increase in transparency leads to a reduction of Isc from
28.2 £ 0.7 mA to 27.2 + 0.5 mA, as shown by the decreased EQE in Fig. 7.5(c). As a result, the
ST-OPV module with the OC structure exhibits PCE = 7.3 4+ 0.2% with high reproducibility (Figure

7.5(e)) and reaches LUE = 3.1 &+ 0.1%.
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Figure 7.5 Optoelectronic properties of the ST-OPV modules with out-coupling (OC) structure.

(a) Schematic of the ST-OPV device with an optical OC structure. (b) J-V and I-V characteristics of 4 mm? ST-
OPV devices and modules with and without the OC structure. (c) EQE and (d) transmission and reflection spectra
of the ST-OPV with and without OC structure. (e) Distribution of PCE of eight ST-OPV modules with the OC
structure. (f) Photographic image of the prototype ST-OPV module with the OC structure.

A photographic image of the module with OC structure is shown in Fig. 7.5(f). The module

area (outline with a black dashed box) shows a transparent, tint and narrow, bright lines from

transmission through the gaps in the interconnection regions. This effect can be reduced, either by

increasing the APT to reduce the contrast between the active and interconnection areas, or by

patterning narrower stripes. Ideally, modules used as window panels should transmit light as close

to neutral color as possible, which requires (a*, b*) coordinates in the CIELAB color space that

approach (0, 0). The ST-OPV module with OC exhibits CIELAB coordinates (L*, a*, b*) = (70.9,

-11.3, -7.5), which accounts for its blue-green tint.
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Table 7.1 Performance of 4 mm? PCE-10:BT-CIC:TT-FIC OPYV device, and 12.8 cm? active area (13.34 cm?

total area) module under simulated AM1.5G illumination at 1 sun intensity.

4 mm2 JSC V. 0 (1] 0 0

device (mA/em?) oc (V) FF (%) PCE (%) APT (%) LUE (%)

opaque 232+04 0.68+0.01 0.69+0.01 109+0.3 - -
STwoOC 17.8£03 0.67+0.01 0.70+0.01 83+0.2 223+ 1.1 1.9+0.1
ST w/ OC 17.1+£0.2  0.67+£0.01 0.70+0.01 8.0+0.2 418+t 1.4 3.3+0.1
neutral ST  174+03  0.67+0.01 0.70+0.01 82+0.1 228+1.3 1.9+0.1

module Isc (mA) PCEwi”

(o)

opaque 36.7+0.6  542+0.02 0.66+0.01 103+0.3 - -
STwoOC 282+0.7 534+0.02 0.64+0.01 7.5+0.3 223+ 1.1 1.7+0.1
STw/OC  272+0.5 534+0.02 0.64+0.01 73+£0.2 418+t 1.4 3.1+0.1
neutral ST  274+04 534+0.02 0.64+0.01 7.4+0.2 228+1.3 1.7+0.1

: PCE calculated based on module active area.

7.3.4 Neutral Color Semitransparent Module

To realize neutral color ST-OPV modules, we employed a 4-layer optical structure
consisting of CBP (45 nm)/ZnS (45 nm)/CBP (110 nm)/MgF> (10nm), as illustrated in Fig. 7.6(a),
whose J-V and I-V characteristics are shown in Fig. 7.6(b), with detailed performance parameters
listed in Table 1. The module exhibits Isc =27.6 + 0.4 mA, Voc=15.34+0.02 V and FF=0.64 +
0.01, which yields PCE = 7.4 + 0.2%. The EQE, transmission and reflection spectra are plotted in
Fig. 7.6(c). Compared to the device without the OC structure, the transmission of neutral color ST-
OPV decreases between A =400 nm and 500 nm, and increases between 550 nm and 650 nm, to

reach a balance over the visible region. The neutral color module achieves (L*, a*, b*) = (53.7, -
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1.9, -3.9), a high color rendering index (CRI) of 88, and a correlated color temperature (CCT) of
5944 K, which is close to the solar surface temperature of 5776K. The APT and LUE of the module
are 22.8 £ 1.3% and 1.7 + 0.1%, respectively. Figure 7.6(d) shows a photographic image with the
module area bordered by a black dashed box. The illumination through the module can accurately

render the colors of white, red, green and blue in the background.
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Figure 7.6 Optoelectronic properties of the neutral color ST-OPV modules.

(a) Schematic of the neutral color ST-OPV device. (b) J-V and I-V characteristics of 4 mm? neutral color ST-OPV
device and module. (c) EQE, transmission and reflection spectra of the neutral color ST-OPV. (d) Photographic
image of the prototype, neutral color ST-OPV module.

N
o
(vw)/
EQE, T, R (%)

o 1 1 1 1 1 1
4 6 400 500 600 700 800 900 1000
vV (V) Wavelength (nm)

7.3.5 Discussion

Note that the mini-modules fabricated using peel-off are, to our knowledge, the first
demonstration of OPV modules that overcomes the considerable PCE loss observed in other high
resolution patterning processes. Its resolution suggests that the strips can be made even narrower
than demonstrated, leading to GFF approaching unity.

Finally, while we cannot make a precise comparison between the costs of peel-off
patterning and the widely used laser ablation patterning, a large capital expenditure in laser
patterning arises from the acquisition of precise, large-scale laser ablation tools, whose

illumination wavelength may have to be adjusted for specific materials and device structures. In
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contrast, the photolithographic tools used in peel-off patterning are standard in semiconductor and
OLED processing lines, thus reducing the cost of capital and depreciation. However, the peel-off
method requires additional costs of materials used for the polymer patterning layer and in the
photolithographic processes, which scale with the size of the solar panels. An accurate comparison

of costs admittedly warrants further study which is beyond the scope of this demonstration.>®

7.4 Application of Peel-off Patterning in Other Organic Electronic Devices

7.4.1 Polariton-based Photodetector

With the peel-off patterning method, a polariton-based photocurrent generation device that
mimics the architecture of natural photosynthetic complexes was demonstrated.’! The device
combines a polariton antenna capable of long range energy transport that directs excited states to
an integrated photodetecting heterojunction (HJ) reaction center (RC). Figure 7.7(a) illustrates the
device structure. A thin film of a donor material, DBP, is deposited on the surface of a distributed
Bragg reflector (DBR), which serves as the light gathering antenna. The antenna is edge-coupled
into a bilayer donor-acceptor HJ RC composed of donor DBP and acceptor C7o. The RC harvests
the excitation energy by dissociation into an electron and hole that are collected at the Au anode
and the Ag cathode. The microscopic image of such device is shown in Fig. 7.7(b), where d is the
distance between the laser pump spot and the device RC. The device is employed to investigate
the long-range propagation via photodetection of organic exciton polaritons, and the photocurrent
density-voltage (Jy»-V) characteristics as a function of d is shown in Fig. 7.7(c). The J,; of the
polariton-based photodetector device shows pronounced dependence on d, indicating enhanced the

distance-dependent photodetection response when the organic excitons hybridize with the
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propagating Bloch surface wave (BSW) mode, allowing for long-range polariton-mediated energy

transport.
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Figure 7.7 Peel-off patterned polariton-based organic photodetector.
(a) Schematic illustration of the device structure. (b) Microscopic image of the top view of the device.
(c) Photocurrent-voltage (Jy»-V) characteristics of the polariton device as a function of distance, d.

7.4.2 Side-by-side White OLED Solid-state Lighting
The peel-off patterning method has also been employed to demonstrate two color side-by-
side (SxS) white OLED for solid-state lighting to reach micron scale resolution while avoiding
precise alignment of shadow masks.>? Figure 7.8(a) illustrates the device structure comprising 100
pum wide blue and yellow emissive stripes separated by 50 pm, the 25 pm buffer zone is designed
to spatially separate two polymer stripes for sequential peel-off. The narrow individual emissive

stripes cannot be resolved by human eyes when viewed in the far field, resulting in diffuse white
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light illumination shown in Fig. 7.8(b). Such SxS geometry also allows for color tunability by
varying the ratio of current applied to the blue stripe and yellow stripes (/p/Iy). Figure 7.8(c) plots
CCT and CRI vs. I3/Iy when maintaining the luminance at 1000 cd m. The maximum CRI = 86
+ 1 is reached at CCT = 2000 + 200 K and CIE color coordinates of (0.30,0.36) due to the
dominance of the yellow stripe emission. In addition, the SxS white OLED exhibits reliability
comparable to that of devices patterned by shadow mask owing to the non-destructive nature of

the peel-off method.

(a) (b) (c)
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Figure 7.8 Peel-off patterned side-by-side white OLED for solid state lighting.

() ustration of the device active area. (b) Photograph of the OCM group logo illuminated by a 0.63 cm? device.
The inset is the photograph of the device in forward bias. (c) color rendering index (CRI) and correlated color
temperature (CCT) vs. Is/Iy, the ratio of current separately applied to the blue and yellow stripes, respectively. The
luminance is held constant at 1000 cd/m?. The top horizontal axis shows the corresponding values of I.

7.5 Conclusion

In this work, we introduced a peel-off patterning technique that can achieve micron-scale
patterning resolution of organic materials without introducing damage incurred using conventional
photolithography. Using this method, we fabricated prototype, series-connected OPV modules
with 12.8 cm? active area and GFF = 95.8%. An opaque OPV module was demonstrated with PCE

=10.3 + 0.3%, which features a remarkably small PCE loss of only 5% compared to analogous 4
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mm? devices. ST-OPV modules were fabricated by utilizing ultrathin Ag top electrode and an OC
structure. The optimized ST-OPV module achieves LUE = 3.1 + 0.1% with PCE = 7.3 + 0.2% and
APT = 41.8 + 1.4%. Furthermore, we demonstrated a neutral color ST-OPV module with LUE =
1.7 £ 0.1% and (L*, a*, b*) = (53.7, -1.9, -3.9). The peel-off patterning technique introduces the
possibility for realizing ST-OPV modules with high efficiency and GFF approaching 100% over
large areas. In addition, we introduced the applications of such peel-off patterning method in
various kinds of organic optoelectronic devices. Our result is general in that it shows a potential
path for multilevel, high-resolution patterning with micron-scale resolution of chemically sensitive

organic electronic materials over large areas.
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Chapter 8

Outlook

High performance OPV devices have become an attractive solution to solar energy
harvesting due to the advantages of environmental compatibility, flexibility, transparency, and
scalability. Ternary OPVs that employ three molecular species in the BHJ are considered an
effective strategy to improve OPV efficiency with broader absorption and reduced energy loss. In
this thesis, we investigated the mechanism in ternary OPVs by assessing existed models as well as
discovering new phenomena. Specifically, we studied the validity of the concept of a “molecular
alloy” in the alloy model. Furthermore, we explored the end-capping exchange reaction during
fabrication of ternary BHJ and the impact of the dipolar reaction products. In addition, we also
demonstrated the application of NIR-absorbing ternary OPVs in tandem OPV and semitransparent
OPV modules. With non-destructive scalable fabrication techniques, the PCE loss from laboratory
scale to a large area module can be minimized, which provides viable pathways to the
commercialization of ST-OPV technologies. In this chapter, we will discuss the potential
challenges for further understanding the operating principles of ternary OPVs that have end-
capping exchange. Moreover, we also provide prospects in developing ST-OPV technologies

towards application in the BIPV industry.
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8.1 Remaining Challenges in Understanding Ternary OPVs

8.1.1 Ternary OPVs with End-capping Exchange

As discussed in Chapter 3, the end-capping exchange reaction between A-D-A type NFAs
during device fabrication results in new molecular species in the ternary BHJ. The new
components have been shown to impact the photogeneration processes of the blend and lead to
decreased FF' and PCE. However, the Voc of “hot” ternary device with new molecular species is
the same as that of a “cold” ternary device (Fig. 3.6 and Fig. 3.7), which lacks appropriate
explanation.

To systematically investigate whether this phenomenon is general at different NFA blend
ratios, ternary OPVs based on PCE-10:BT-IC:BTIC-4Cl at blend ratios of 1 : 1.5-x : 1.5 (1 —
x) with x varying from 0 to 1 were fabricated as the same device structure in Fig. 3.6(a). The

relationship between Voc and the blend ratio x is plotted in Fig. 8.1.
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Figure 8.1 Relationship between Voc and blend ratio of cold and hot ternary devices.
The Voc of cold and hot ternary blend OPVs as a function of the blend ratio between BTIC:BTIC-4CI.

The results show that the Voc of ternary devices changes with blend ratio, indicating that
the cascade model of ternary OPVs (charge transfer and energy transfer models in Fig. 1.15) does

not apply to this ternary system. Moreover, the “hot” and “cold” ternary devices with the same
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blend ratio between BT-IC and BTIC-4Cl have the same Voc. As demonstrated in Chapter 3, the
“hot” ternary blends contain the dipolar reaction product BTIC-2Cl, leading to different blend
composition and morphology compared to the “cold” ternaries, which will impact Voc if the
working principle of the BHJ follows the parallel diodes or alloy model. Therefore, the
conventional models cannot fully explain the Voc of the “hot” ternary devices. A more
comprehensive interpretation on the photogeneration processes in such NFA based ternary devices
warrants further study. To understand the origin of Voc of OPVs, common methods include the
measurements of frontier orbitals and CT states. Especially, the broadening of DOS around frontier
orbitals should be considered as the morphological disorder introduced by the reaction may induce
broader DOS and impact charge transfer. In addition, since the energy barriers between the reaction
products and original NFAs are usually small and may be overcome at room temperature, low-
temperature measurement is a feasible method to provide further insight on the charge transport in

the BHJ.

8.1.2 Mechanism of Multi-nary OPVs
Previous studies have primarily focused on the working mechanisms of ternary OPVs
comprising three molecular species, while multi-nary OPVs comprising more than three
components have also shown potential in improving performance in recent years.!~ In addition,
the end-capping exchange reaction may produce up to seven chemical species in ternary OPVs
based on one donor and two NFAs. Therefore, further investigation on the photogeneration process
in multi-nary BHJ is essential for further optimization on device performance as well as

understanding ternary OPVs where interactions between NFAs exist.
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Figure 8.2 shows an example of quaternary OPVs based on PCE-10:BT-IC:BTIC-
4ACL:BTIC-2Cl, the BHJs were prepared in cold solutions to impede end-capping exchange reaction.
As shown in Figs. 8.2 (a) and (b), when BT-IC:BTIC-4Cl is 3:1 or 1:1, with increasing ratio of
BTIC-2Cl, the Voc of the quaternary devices maintain the same value as that of PCE-10:BT-
IC:BTIC-4Cl ternary devices. On the contrary, Figure 8.2(c) shows that when BTIC:BTIC-4Cl =
1:3, the Voc of the quaternary devices changes monotonically with the blend ratio of BTIC-2Cl,
indicating that the impact of the fourth component, BTIC-2Cl, is dependent on the ratio between
other NFA species. The working principles of multi-nary OPVs are complicated due to the
participation of multiple components in charge dissociation and percolation, and the impact of
each constituent is correlated to other molecules. Among all performance parameters, Voc, as well
as the frontier orbitals, CT states and morphology of multi-nary BHJs, can be investigated to
further understand their working mechanisms, owing to their relationship with the energy levels
of molecular orbitals participating in photocurrent generation. Further studies, including
experiments with controlled blend ratios and analytical models, are required to understand the

mechanism of such complex multi-component blend system.

(a) BTIC:BTIC-4Cl =3:1 (b) BTIC:BTIC-4Cl =1:1 (c) BTIC:BTIC-4Cl =1:3
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Figure 8.2 Relationship between Voc and blend ratio of quaternary OPVs.
Relationship between Voc and blend ratio of BTIC-2Cl in PCE-10:BT-IC:BTIC-4C1:BTIC-2Cl quaternary devices
in the situations that BTIC:BTIC-4Cl is (a) 3:1, (b) 1:1, and (c) 1:3.
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8.2 Prospects for ST-OPVs

8.2.1 Scalability of ST-OPVs

Scaling ST-OPVs to large, window-sized areas introduces several issues not found in small
laboratory-scale devices: yield loss due to defects and non-uniformities in thin film composition
and thickness, efficiency loss from series resistance (Rs), and the geometric loss and deteriorated
aesthetics due to large interconnection areas between constituent cells. Here, we will discuss the
cell-to-module efficiency loss of ST-OPVs and possible strategies to overcome the limitations.

Module layout design

Figure 8.3(a) shows the calculated module efficiency loss with a cell width varied from 1
mm to 1 cm, and an interconnection width between cells from 0 to 1.5 mm, as a function of the
total sheet resistance (Rgueer) Of electrodes. As indicated from the calculation, a larger
interconnection width and larger Ryeer both result in increased efficiency loss of ST-OPV modules.
It should be noted that the influence of electrode resistance on module efficiency depends on the
width of the discrete cells, which is the distance charge must travel before recombination or
collection,*> indicating that larger cell width leads to increased resistance loss. In contrast, the
geometric loss is dependent on the ratio between interconnection width and individual cell width,
which decreases with increased cell width. As a consequence, when R and interconnection
width are limited at certain values due to the choices of electrode materials and patterning methods,
the efficiency loss can be minimized by optimization on discrete cell width. For example, when
Rgneer = 30 Q/sq and the interconnection distance between cells is 800 pm, the optimum cell width
is 4.5 mm, whereas the optimum cell width is 6 mm when Rgeer = 10 Q/sq and interconnection
width is 500 pm.

Resistance loss
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ST-OPV needs both transparent top and bottom electrodes to provide lateral transport of
charge carriers. The relative low conductivity of transparent electrodes introduces dramatic Rs loss
when scaling up. In Fig. 8.3(b), we summarize the visible transmittance (7) and Rgjeer of several
representative transparent electrode.® The dashed box, which corresponds to 7> 80% and Ryheer <

20Q)/sq, represents the optimal region for transparent electrodes useful for ST-OPV modules.
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Figure 8.3 Efficiency loss in ST-OPV modules.
(a) Calculated cell-to-module efficiency loss as a function of electrode sheet resistance (Rskeer), individual cell

width and interconnection width between sub-cells. (b) Visible transparency and Rseer Of representative transparent

electrode materials used in ST-OPVs. Figure reproduced from Ref.®

Conductive metal oxides such as ITO with Reeer < 15 Q/sq and 7> 80% are most widely

used,” ! while their application as the top electrode is limited by the high temperature required
during fabrication.® Another candidate for transparent electrodes are ultrathin metal layers, such as
Ag.'? Metal doping of Cu or Al can help avoid aggregation into islands during deposition and
improve both conductivity and transparency.!*~!> Furthermore, by integrating ultrathin metal layer
between dielectric layers with appropriate refractive indexes and thicknesses,'*!%-!8 the multilayer

stacks can reach Rgieer ~ 10 Q/sq and T ~ 80%.!%1” Other candidates for transparent electrodes

S,2%2! and nanoscale materials such as graphene

include conductive polymers such as PEDOT:PS
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and metal nanowires.?>2* For example, Ag nanowire electrodes can reach Rgueer = 10100 Q/sq
and T > 80%72°-%%, while the challenges of using nanowire electrodes in ST-OPVs are their surface
roughness, poor adhesion, and lower operational stability due to rapid oxidation.

To reduce the Rs loss in ST-OPV modules, more effort is required to develop transparent
electrode materials with both high transparency and conductivity simultaneously, as well as
excellent mechanical and environmental stability. Especially, the choice of top transparent
electrode should also take the deposition procedure into consideration as the underlying organic
materials are generally susceptible to high temperature, organic solvent, etc. As suggested in Fig.
8.3(b), oxide-metal-oxide multilayer structure has shown potential as transparent electrode as well
as tunability on various parameters according to specific application. Despite the use of dielectric
oxide MoO3 and ZnO, the conductive metal oxide such as ITO and indium zinc oxide (IZO) can
also be employed in the multilayer stack, where the thermal annealing procedure is not needed.?”-?®
In addition, the Ag nanowire electrodes show desirable electrical and optical properties. To
overcome the challenges, the nanowires may be embedded in a polymer matrix during coating

process when applied in ST-OPVs.?

8.2.2 Reliability of OPV Modules
There are primarily two types of failure mechanisms of all electronic devices: intrinsic and
extrinsic. Intrinsic mechanisms are those due to changes in a fundamental property of the materials
and structures over time, such as photo- or electro-chemical degradation of the molecular
constituents in the layer stack, changes in film morphology, or chemical reactions between species

30-32

at the interfaces, etc. Extrinsic failure mechanisms might include package failure, ingress of

contaminants (e.g. O2 and H20) into the package during fabrication or from environmental
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exposure, impurities within the materials left during processing, and delamination of contacts from
the device or package.’*3

Previous reliability studies have mostly focused on laboratory scale OPV devices and
intrinsic degradation mechanisms. With optimized buffer layers, thermally evaporated fullerene
based OPVs have shown exceptionally stability under high intensity illumination with extrapolated
operational lifetime over 10000 years.?>> Moreover, by inserting interfacial protection layers to
impede chemical reaction at interfaces, solution-processed NFA based OPV has shown lifetime

over 30 years.’® The operational stability of OPV modules, which is crucial to their

commercialization, however, has attracted less attention.
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Figure 8.4 Performance degradation of OPV modules.
Performance degradation of PCE-10:BT-CIC based laboratory scale OPV devices and mini-modules
under simulated AM1.5G illumination.

Figure 8.4 shows the performance evolution of 4 mm? devices as well as a 12.8 cm? module

with same layered device structure based on NIR-absorbing PCE-10:BT-CIC photoactive layer

166



and interfacial buffer layers under simulated AM1.5G illumination.>® The PCE of OPV module
decreased 15% after 540h aging, whereas only 5% loss was observed for the 4 mm? devices.

The faster degradation of module may be attributed to extrinsic mechanisms of package
failure and unstable contacts. Although the module was encapsulated the same as 4 mm? devices
by bonding a cover glass to the substrate with UV-curable epoxy, the edge-sealing of narrow
surrounding bead of epoxy around large area module showed increased risk of package failure
compared to laboratory devices, leading to reduced absorption and Isc of the module over time.
Moreover, research has shown that such epoxy sealant may result in catastrophic package failure
in outdoor operating environment even for small area OPVs. Therefore, it is essential to further

investigate reliable encapsulation method for OPVs such as polyisobutylene (PIB) based

37-39 40,41
t’ )7

sealan atomic layer deposition (ALD and integration with Ar-filled window panels for
ST-OPV module, etc. In addition, the relatively large fluctuation in FF of the module indicates that
the contact is unstable throughout the aging, which also needs improvement in future work to

realize reliable long-term operation of OPV modules.
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APPENDIX

Full Chemical Names and Molecular Structures

Short name Full chemical name Chemical structure

IS®;i
K\\ & /\(//

~

Cro fullerene-Cro

(4,4,10,10-tetrakis(4-hexylphenyl)-
5,11-(2-ethylhexyloxy)-4,10-dihydro-
BT-CIC dithienyl[1,2-b:4,5b'benzodi-
(BTIC-4Cl) | thiophene-2,8-diyl)bis(2-(3-0x0-2,3-
dihydroinden-5,6-dichloro-1-
ylidene)malononitrile)

poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[ 1,2-b:4,5-b"]dithiophene-

PCE-10 co-3-fluorothieno[3,4-b]thio-phene-2-
carboxylate]
P3HT poly(3-hexylthiophene)
ICBA indene-Ceo bisadduct

PCs1BM phenyl-Cg1-butyric acid methyl ester
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poly(3,4-ethylenedioxythiophene):

eisidigle

w

X SO, SOy SOy SOy SOy
PEDOTPSS poly(styrenesulfonate) d Y d b d b
SV AVYYA
S \ / S \ S WA
PEDOT © \_/O O\_/O O\—/O
S S
TTF tetrathiafulvalene [ >=< ]
S S
NG CN
TCNQ tetracyano-p-quinodimethane >=<:>=<
NC CN
ZnPC zinc phthalocyanine
F4ZnPC tetrafluoro-zinc phthalocyanine
Coo fullerene-Ceo
(4,4,10,10-tetrakis(4-hexylphenyl)-
5,11-(2-ethylhexyloxy)-4,10-dihydro-
BT-IC dithienyl[1,2-b:4,5b'benzodi-
thiophene-2,8-diyl)bis(2-(3-0x0-2,3-
dihydroinden-1-ylidene)malononitrile) Q,.,)\ -
BTCIC-IC i
(BTIC-2Cl)
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BTIC-4F

(4,4,10,10-tetrakis(4-hexylphenyl)-
5,11-(2-ethylhexyloxy)-4,10-dihydro-
dithienyl[1,2-b:4,5b"Tbenzodi-
thiophene-2,8-diyl)bis(2-(3-0x0-2,3-
dihydroinden-5,6-difluoro-1-
ylidene)malononitrile)

BTIC-2F

IT-IC

3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2°,3’-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene

ITIC-2F

ITIC-4F

3,9-bis(2-methylene-((3-(1,1-
dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-
s-indaceno[1,2-b:5,6-b’]dithiophene

Y16

2,2'-((2Z,2'Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-
dihydro-2-(2-ethylhexyl)-
[1,2,3]triazole[3,4-
e]thieno[2,3":4',5"thieno-
[2',3":4,5]pyrrolo[3,2-g]
thieno[2',3":4,5]thieno- [3,2-b]indole-
2,10-diyl)bis(methanylylidene))bis-(3-
0x0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile
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Y16-4F

2,2'-((2Z,2'Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-
dihydro-2-(2-ethylhexyl)-
[1,2,3]triazole[3,4-
e]thieno[2,3":4',5"thieno-
[2',3":4,5]pyrrolo[3,2-g]
thieno[2',3":4,5]thieno- [3,2-b]indole-
2,10-diyl)bis(methanylylidene))bis-
(5,6-difloro-3-0x0-2,3-dihydro-1H-
indene-2,1- diylidene))dimalononitrile

Y16-2F

BEIT-4F

2,2'-((2Z,2'Z)-((14-(3,5-di-tert-
butylphenyl)-4,4,9,9-tetrakis(4-
hexylphenyl)-9,14-dihydro-4H-
dithieno[2',3":2,3;3",2":10,11]piceno[1,
14,13,12-bcdefgh]carbazole-2,11-
diyl)bis(methanylylidene))bis(5,6-
difluoro-3-o0x0-2,3-dihydro-1H-
indene-2,1-diylidene))dimalononitrile

IC-SAM

PM6
(PBDBT-2F)

poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-
thienyl-5",7’-bis(2-ethylhexyl)benzo
[1°,2°-c:4’,5’-c’]dithiophene-4,8-
dione)]

SFT8-4F
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CBP

4,4'-Bis(N-carbazolyl)-1,1"-biphenyl

TT-FIC

(4,4,10,10-tetrakis(4-hexylphenyl)-
4,10-dihydrothieno[2",3":4",5"]
thieno[3',2":4,5]cyclopenta[1,2-
b]thieno[2,3-d]thiophene-2,8-
diyl)bis(2-(3-0x0-2,3-dihydroinden-
5,6-difluoro-1-ylidene) malononitrile)

DBP

tetraphenyldibenzoperiflanthene
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