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ABSTRACT

Spectroscopy of Charge-Transfer States in Non-fullerene Acceptor Organic Solar
Cells
Wejdan Alsufyani

The performance of non-fullerene acceptor (NFA)- based organic solar cells (OSC) has shown
continuous increase in recent years, reaching power‐conversion efficiencies up to 17% through the
design and synthesis of efficient acceptor materials. Recent research is directed towards achieving
higher efficiency of OSC, which is limited by the open-circuit voltage (Voc) which is lower than the Voc
values achieved in inorganic or perovskites solar cells with comparable bandgaps. In this work, voltage
losses in NFA based OSC were calculated by investigating charge‐transfer state energy (ECT) using
electroluminescence spectroscopy and sensitive external quantum efficiency in three polymer:nonfullerene bulk heterojunction solar cells. PCE10:ITIC device acquired the highest ECT with a Voc
of 0.82V, and a a power conversion efficiency (PCE) of 7.91%. While PCE10:O-IDTBR obtained
the highest Voc of 1.03V, a PCE of 8.02% compared to PCE10:O-IDTBCN solar cell that has a
lower Voc of 0.73V with a PCE of 7.98%. Both radiative and non-radiative voltage losses were
calculated. In this thesis, the high open circuit voltage of PCE10:O-IDTBR is explained by the low
non-radiative voltage losses compared to PCE10:O-IDTBCN and PCE10:ITIC devices.
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Chapter1 : Introduction

The world demand for energy is constantly increasing due to the growing world population and
increasing modernization. Today the whole world is strongly relying on non-renewable energy
resources for example fossil fuels such as oil, gas, and coal. Hence, the impact of using these
resources is environmental damage, including air and water pollution, land disruption, and global
warming. Therefore, in order to meet the energy demand and to achieve solutions to the
environmental concerns, clean alternative renewable energy resources are required. Renewable
sources including sunlight, water waves, and biomass have several advantages over the traditional
sources as they are sustainable, eco-friendly, and offer additional economic benefits. However,
renewable energy also has its drawbacks, as it must take into account important factors such as
stability, cost, and efficiency. Moreover, among the different types of alternative energy sources,
solar is one of the most abundant in the world due to the fact that the sunlight that strikes Earth in
one hour provides more than all of the energy consumed by mankind in an entire year [1]. Thus,
for a sustainable future, we need to harness renewable energy from the sun by using photovoltaics
(PVs) that directly convert solar energy into electricity.[2]
PVs is a technology based on a physical phenomenon called the photovoltaic effect, which was
first discovered by the French physicist, Alexandre Edmond. Later on, this phenomenon was
described by Albert Einstein in 1904, that is, when light hits a photovoltaic cell, an electric current
(photocurrent) is generated. Photovoltaic cells can be classified into three generations, silicon-
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based solar cells, thin film solar cells, and today’s third generation includes organic solar cells,
perovskites, and quantum dots.[3, 4]
The active layer of silicon-based solar cells can be single crystalline silicon or multi-crystalline
silicon, which achieved laboratory state-of-the-art efficiencies of 25.6% and 20.8% respectively.
Amorphous silicon thin film PV is an example for second generation solar cells, which hold
laboratory efficiency of about 12%. The third generation PV reached efficiencies of over 17% in
the case of polymer solar cells (Fig1). [5]

Figure 1 Evolution of laboratory efficiencies for a range of photovoltaic technologies. [6]
1.1 Solar spectrum and photovoltaic effect

The photovoltaic effect is one of the physical effects that can be used to transform solar energy
into electricity. Typically, for light to be absorbed in a material and to generate photocurrent in
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PVs, important parameters must be taken into consideration. To illustrate, light is composed of
energy packets called photons, each photon has a certain energy that is related to its wavelength
or frequency that can be described by equation (1.1).
𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =

ℎ𝑐
λ

= ℎ𝑣

(1.1)

Where λ is the photon wavelength, h is Planck’s constant, c is the speed of light, and 𝑣 is the light
frequency. [7]
Solar radiation is an electromagnetic radiation covering three regions: near-infrared (NIR), Visible
(VIS), and ultraviolet (UV) (Figure 2). Around half of the solar spectrum is in the visible region
and the other half is mostly in the (NIR) region, while the smaller part is in the (UV) region. [8]
One of the fundamental quanitities for describing the amount of solar energy reaching earth is
called irridiance. This quantity is defined as the power received per area and thus its unit is watt
per square meter (W/m2). [9]

Figure 2 Components of electromagnetic spectrum [10]
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1.2 Organic Solar Cells (OSCs)

Organic solar cells, specifically polymer-based solar cells have attracted a lot of attention as
alternative technology for solar energy generation. This technology has many advantages over the
previous generations of solar cells such as lower impact on the environment due to the fact that
most organic materials are non-toxic and lesser amounts of materials are needed, which results in
less harm to the environment. Their strong absorption of light means that a thin film can harness
large amounts of sunlight. Furthermore, the bandgap of organic materials can be easily tuned to
match the solar spectrum and thereby harvest more photons by increasing the absorption. [11]

Figure 3 Chemical structures of different polymeric and small molecule donor and acceptor
materials. [12]
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The photoactive layer of OSCs is mainly made of organic semiconducting materials, known as
carbon-based materials, and can be classified into two major classes, which are polymers and small
molecules, see Fig3. [12]
Both classes share a common feature, which is the conjugated π-electron system that is responsible
for the semiconducting properties. In detail, the chemical bond found in organic materials is the
covalent bond, which can be understood by the electronic configuration of the carbon (C) atom. C
is the sixth element and thus has six electrons, of which the first 2 electrons fill the first orbital,
1S, then the other 2 electrons fill the 2S orbital, and the remaining 2 electrons occupy the 2P
orbitals. Thus, the electron configuration of C atom can be written as 1s22s22p2 where the last 4
electrons are called the valence electrons that form covalent bonds with other atoms to complete
the shell and thereby reach stability. According to the valence band theory, the C atom can form 2
covalent bonds, as it has 2 unpaired electrons in its p orbitals (1s22s22p1x2p1y), which is, however,
not the case in organic molecules. Typically four covalent bonds are formed. Therefore, to explain
the formation of 4 covalent bonds, the orbital hybridization concept was introduced.
Fundamentally, hybridization means that the outermost s and p orbitals are combined to form 4
hybrid orbitals (thus 4 covalent bonds), which can be divided into three possible combination: sp3,
sp2, and sp (see Fig4). sp3-hybridization has a tetrahedral orbital arrangement and an ideal bonding
angle of 109.5o, example: CH4. Ethen (C2H2) is an example of sp2-hybrid orbitals, it has a planar
geometry with 120o bond angles, where one ‘s’ orbital is combined with two ‘p’ orbitals, leaving
one non-hybridized p orbital (pz), thus, the electronic configuration of this hybridization is
2s12px12py1. As a result, sp2-hybridization creates three hybridized orbitals and one non-hybridized
orbital, which gives two types of covalent bonding; sigma (σ) bonds and pi (π) bonds. σ bond is
the strongest type of covalent bonds that is formed by overlapping of sp2-hybridized orbitals.
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Unlike σ bonds, π bonds are weaker and formed by overlap of non-hybridized pz orbitals.
Therefore, due to the delocalization of π bonds, they are responsible for the conducting and charge
transfer properties. [13][14]

Figure 4 The sp, sp2, and sp3 hybrid orbitals. [15]
The conjugated system is a continuous array of alternating single and double bonds with one p
orbital on each atom, thus electrons can delocalize across multiple atoms, resulting in minimizing
the energy, which makes the molecule more stable (Fig5). In addition, the ground states and the
excited states in conjugated systems are closer in energy, thus lower photon energy is needed for
excitation, leading to absorption in the visible region. [13]

Figure 5 Example of π-conjugated polymers. [15]
The charge transport occurs between orbitals known as the highest occupied molecular orbital
(HOMO) and the lowest unoccupied orbital (LUMO), which are separated by a forbidden region
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called the band gap. The formation of the HOMO results from the overlapping molecular πorbitals, while the formation of the LUMO is caused by the overlap between the anti-bonding πorbitals (π*) (Fig 6). Thus, for charge transport to take place, at least an energy equal to the band
gap is required to transfer an electron from the HOMO of the molecule to its LUMO leaving the
holes at the HOMO level. In particular, π- π* transition is the lowest electronic excitation of
conjugated molecules with an energy gap between 1.5 and 3 eV leading to light absorption in the
visible spectral range [13][14]

Figure 6 Formation of HOMO and LUMO orbitals. [16]
The main difference between organic and inorganic semiconductors is in the charge generation
and transport mechanism. For organic semiconductors the molecular interaction is generally
dominated by weak Van-der-Waals (VdW) forces, which result in small overlap of the molecular
orbitals, thus localization of the electronic states. Consequently, the movement of charge carriers
from one site to another is by hopping. While for inorganic semiconductors, where atoms are held
together by covalent bonds resulting in the formation of conduction and valence bands separated
by a forbidden gap, thus carriers movement follows the band theory (Fig 7). When photo-excitation
is applied, electrons transfer from the valence band to the conduction band, leaving behind positive
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charges in the valence band called holes. Furthermore, the dielectric constant in inorganic
semiconductors is typically large compared to organic semiconductors resulting in low binding
energy of the electron-hole pair (exciton) that can be easily dissociated into free charges at room
temperature. On the contrary, organic semiconductors have a low dielectric constant (2-4) thus a
strongly bound exciton with a binding energy of 0.2-0.4 eV is generated, known as Frenkel exciton,
which require some energy to be separated. Figure 7 shows the energy diagrams of organic and
inorganic semiconductors.[17][18]

Figure 7 Energy diagrams for organic and inorganic semiconductors. [19]
1.2.1 Structures of organic photovoltaics
1.2.1.1 Single layer organic solar cells
The first OSC was based on a single organic layer. In single layer devices, the organic layer is
sandwiched between two metallic electrodes (Figure 8). However, this class of solar cells suffered
from very poor power conversion efficiency due to the fact that the electric field created in the
single layer solar cell is not sufficient for successful exciton dissociation. [20]
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Figure 8 Structure of single layer solar cell. [21]
1.2.1.2 Planar organic solar cells
To improve the power conversion efficiency (PCE) of the OSC, a new concept was introduced by
using two distinct layers of donor and acceptor materials as the active layer sandwiched between
two metallic electrodes (Figure 9). In detail, the donor material has a lower electron affinity than
the acceptor material thus, the donor can easily donate electrons to the acceptor. Typically, for
light to be absorbed in polymers, a thickness of 100 nm is required, but due to the excitons’ small
diffusion length of around 10 nm, excitons will recombine before they reach the interface. Hence,
the bilayer OSC experiences low PCEs and low photocurrents. [20][22]

Figure 9 Structure of planar solar cell. [23]
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1.2.1.3 Bulk-heterojunction (BHJ) organic solar cells
In 1995, Heeger’s group first introduced the BHJ concept, which has improved the efficiency of
the OSC by mixing the donor and acceptor materials together in a solution before processing
(Figure 10). In the BHJ a larger donor and acceptor interface is created, which solves the exciton
diffusion length issue. In more detail, if the separated phase has a length scale in the range of the
diffusion length of the excitons, then the dissociation process is obtained. Therefore, this class of
OSC is the most widely used, as it minimizes the exciton decay losses and thus improves the
efficiency of the device. [20]

Figure 10 Structure of the BHJ solar cell. [24]
1.3 Working mechanism of organic photovoltaics

In general, there are four fundamental processes in BHJ OSCs. Exciton generation, exciton
diffusion, exciton dissociation, and charge collection, which are shown in Figure 11 and discussed
in detail below:
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Figure 11 Working mechanism of OSC. [25]
1.3.1 Exciton generation
The first step is photon absorption that gives rise to excited states called excitons. The absorbed
photon can promote an electron from the HOMO of the donor to its LUMO, leaving behind a hole
that is attracted to the electron by Coulomb force, creating an electron-hole (e-h) pair called
exciton. [26][27]

1.3.2 Exciton diffusion
The diffusion process is the movement of excitons from one site to another via hopping
mechanism. The exciton diffusion length is a critical factor that determines this process and is
given by the equation (1.3)
𝐿𝐷 = √𝑍 𝐷 𝜏

(1.3)

Where D is the exciton diffusion coefficient, 𝜏 is the lifetime of the exciton, and Z is the
dimensionality of the diffusion process. In particular, excitons must have a diffusion length similar
or longer than the domain size to reach the interface of the donor or acceptor material in the BHJ,
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which is in the order of (10-20) nm. Otherwise, exciton recombination will occur via radiative and
non-radiative pathways. [26] [28]

1.3.3 Exciton dissociation
Excitons diffuse towards the interface of the donor acceptor in the BHJ SC. After encounter of the
interface, charge transfer (CT) states are formed across the interface. The term CT states is used
here for the e-h pair at the interface as the charges are located in spatially-distant regions across
the interface. In order to have free charges, the charge transfer (CT) states must be separated before
they recombine. Thus, for effective exciton dissociation a good understanding of the physics of
the charge transfer state is needed (CT states are explained in detail in chapter 2). [27][29]

1.3.4 Charge transport and collection
The main reason behind drift of charge carriers to their respective electrodes is the difference in
the work function of both electrodes which creates a built-in electric field. However, free charges
can recombine before they reach the electrodes, which is called non-geminate recombination. [26]

1.4 Photoactive materials
In the bulk-heterojunction device structure, the photovoltaic effect occurs in the photoactive layer,
which is composed of a mixture of a donor and acceptor material. Typically, the photoactive
materials used in the blend are made of a conjugated polymer or small molecules for the donor
materials mixed with fullerene derivatives acceptors. Recently, a new competitor of the fullerenebased OPV has emerged, which is the non-fullerene (NF) derivatives acceptors. The donor material
by definition is the material that after photoexcitation donates an electron from its own LUMO to
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the LUMO of another organic semiconductor molecule. The right choice of donor and acceptor
materials plays an important role in OPV efficiency, thus, it is essential for the electron affinity of
the donor to be less than the electron affinity of the acceptor. Also, using conjugated polymers as
donor material that can be tuned by extending their absorption to harvest most of the solar radiation
thus improves the efficiency of OSCs.
Moreover, using a suitable solvent improves the donor-acceptor solubility thus enhances the
efficiency. The rule followed in choosing the right solvent is the expression ‘like dissolves like’.
Thus, most organic materials are soluble in organic solvents such as chlorobenzene (CB),
chloroform (CF), and chloronaphthalene (CN). Moreover, most organic compounds cannot be
dissolved in water as it forms polar bonds, while organic materials are relatively non-polar. In
addition, additives can be mixed with the solvent to enhance the solubility of the materials and
thereby tune the morphology of the active layer, resulting in improved efficiency. [30][31]

1.4.1 Acceptor Materials
1.4.1.1 Fullerene Acceptors
Conventional OSC have used fullerene acceptors (FAs) as electron accepting materials for BJH
OSC like PC60BM and PC70BM (Fig12) where higher than 11% PCEs were obtained. The high
efficiency of donor:FAs can be attributed to the interesting features of FAs (for example) its 3D
conjugated cage structure that makes the LUMO of the FA have a delocalization across the 3D
structure which is advantageous for electron transport. Moreover, the 3D structure allows the
formation of nanoscale domains with the donor resulting in efficient charge separation. However,
FAs show low absorption in the visible and near-infrared region of the solar spectrum thus low
photocurrent. In addition, fullerene-based acceptors suffer from instability of both thermal and
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photochemical type. In general, fullerenes have poor miscibility with polymers [32], and the other
limitation is the high cost of fullerenes purification and fabrication. [30]

Figure 12 Structure of fullerene acceptors. [33]
1.4.1.2 Non-fullerene Acceptors
Novel non-fullerene acceptors (NFAs) have recently received great attention due to their attractive
properties such as, larger absorption coefficient, lower cost, and better photostability. NFAs can
be divided into two types, the first type is based on the fused aromatic diimides and the second
type is based on strong intermolecular electron push-pulling effects [34]. The efficient device
performance of NFA based OSC can be attributed to two shared characteristics of the NFAs. First,
they have a conjugated backbone that can be altered by adding high electronegative (EN) elements
in the form of 𝜋 −conjugated system to increase e-accepting property. Second feature is the
delocalization of 𝜋-electrons of the conjugated system of the high EN elements into the NFA
backbone which minimizes the electron traps in the material and thus results in efficient electron
transport. [30] Moreover, NFA can be designed to have low band gap energy thus can absorb in
the long wavelength region and compliments the donor absorption.
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Figure 13 Molecular structures of common donor and non-fullerene acceptor materials.

Recently, the record efficiency of NFA-based organic solar cells has exceeded 17% [35, 36] which
is higher than its counterpart, fullerene-based OSCs. Thus, the molecular structure of both donor
and acceptor materials plays an important role in the overall device performance.

1.5 Characterization of organic solar cells
The device performance is typically evaluated by measuring the current density-voltage (J-V)
curve under illumination from a solar simulator in order to extract the figures-of –merit which are,
the open circuit voltage (Voc), short circuit current density (Jsc), and fill factor (FF) and thus
calculate the PCE (Figure14). [37]
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𝑃𝐶𝐸 =

𝐹𝐹 . 𝐽𝑠𝑐 . 𝑉𝑜𝑐
𝑃𝑖𝑛

(1.4)

Figure 14 Schematic of J-V curve of OSC. [37]
Here, 𝑃𝑖𝑛 is the power of the incident (solar) light. The open circuit voltage is defined as the voltage
at which there is zero current in the solar cell. Originally, Voc is related to the difference of the
HOMO of the donor and the LUMO of the acceptor, as expressed in equation (1.5). [38]
𝐴
𝐷
𝑞𝑉𝑜𝑐 = 𝐸𝐿𝑈𝑀𝑂
− 𝐸𝐻𝑂𝑀𝑂
− ∆𝐸𝑙𝑜𝑠𝑠 (1.5)

Where q is the elementary charge and ∆𝐸𝑙𝑜𝑠𝑠 is a value for the energy losses, which occurs during
the charge transport towards the electrodes.
The fill factor can be defined as the ratio between the maximum measured power from a solar cell
to the product of Voc and Jsc. Effectively, the FF measures how much the device performance is
approaching the ‘ideal’ case, which is equivalent to the grey rectangle in Fig14. [37]
The short circuit current (Is) is the current of the solar cell, when there zero voltage is applied. The
current density, Jsc, is obtained by dividing the current by the active device area. The current
density is thus independent of the area of the photoactive layer, which makes it easier to use in
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calculations and comparable between systems measured with different active area sizes. To define
the maximum efficiency of the device we need to calculate the maximum power point (MPP) of
the curve in the fourth quadrant. [39]

Chapter 2: Limitations in the BHJ OSC

2.1. Open Circuit Voltage (Voc)
The open circuit voltage is one of the significant parameters that determines the power conversion
efficiency of the bulk-heterojunction organic solar cells. However, organic solar cells suffer from
a very low Voc compared to their silicon counterparts (0.6-0.7) V. Therefore, investigating the
voltage losses in BHJ OSCs requires a basic understanding of the origin of Voc and the factors that
control it in order to enhance the device performance. [40]

2.1.1. Origin of Open Circuit Voltage (Voc)
A further understanding of the origin of the Voc requires an electrical engineering point of view of
the equivalent circuit of a solar cell under light illumination. Thus, the equivalent circuit of an ideal solar
cell is shown in (Figure 15) which is composed of a diode, continual current source, and external load.
To illustrate, under illumination there are two types of current density flowing through the circuit, there’s
the diode junction current (𝐽𝑑 ) and the photo-generated current (𝐽𝑝ℎ ) obtained from the solar cell and
these two currents encounter each other and the residual current flows through the circuit . [41]

31

Figure 15 Equivalent circuit of an ideal solar cell. [41]
The diode current shows the relationship between the current of the diode as a function of the applied
voltage which is expressed in equation (2.1)
𝑞𝑉

𝐽𝑑 = 𝐽0 [𝑒 Τ𝐾𝐵 − 1]

(2.1)

Where 𝐽0 represents the dark saturation current, q is the electron charge, V is the applied voltage across
the diode, T is the temperature, kB is the Boltzmann constant. It is important to highlight the Jd is the
dark current of the solar cell, as Jph goes to zero in the dark. However, Voc can be derived from equation
(2.1) and can be calculated as expressed in equation (2.2)
𝑉𝑜𝑐 =

𝑇𝐾𝐵
𝑞

𝐽

𝑙𝑛 ( 𝐽𝑝ℎ + 1)
0

(2.2)

It should be noted that the ideal case cannot be applied or observed in practical solar cells. Hence, figure
16 shows the equivalent circuit of a practical circuit that takes into consideration the presence of shunt
resistance (Rsh) and series resistance (Rs). [42]
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Figure 16 Equivalent circuit of a solar cell. [41]
The Rsh usually arises from manufacturing defects and impurities which results in reducing the lightgenerated current and voltage. Whereas the Rs can be ascribed to three parts of the cell; the resistance
at the electrodes, the bulk active layer, and contact area between the electrodes and the active layer. The
equation to describe the actual (𝐽) of the practical circuit can be expressed as (2.3)

𝐽=𝑅

𝑅𝑠ℎ
𝑠ℎ +𝑅𝑠

{𝐽0 [𝑒

𝑞(𝑉−𝐽𝑅𝑠 )
𝑛𝐾𝐵 𝑇

𝑉

− 1] + 𝑅 } − 𝐽𝑝ℎ
𝑠ℎ

(2.3)

Where n is the ideality factor of the diode which has values, typically ranging from 1-2. [41]

However, at open circuit voltage V = Voc, the net current is zero, taking into account that 𝑅𝑠ℎ ≫ 𝑅𝑠 ,
thus Voc can be determined by equation (2.4) [41]
𝑉𝑜𝑐 =

𝑛𝑇𝐾𝐵
𝑞

𝐽

𝑙𝑛 ( 𝐽𝑝ℎ + 1)
0

(2.4)

Knowing the origin of Voc of the equivalent circuit of a solar cell, makes it easier to understand
the open circuit voltage in organic solar cells.
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2.1.2 Open circuit voltage in OSC:
Various studies have shown that Voc in BJH SC is directly related to the band gap energy between
the HOMO level of the donor and LUMO level of the acceptor, which can be shown in Figure 17

Figure 17 Open circuit voltage in OSC. [42]

The Voc in OSC can be described by the equation (1.5) (Chapter1)
𝐷
𝐴
𝑞𝑉𝑜𝑐 = 𝐸𝐻𝑂𝑀𝑂
− 𝐸𝐿𝑈𝑀𝑂
− ∆𝐸
𝐷
𝐴
Where q is the elementary charge, 𝐸𝐻𝑂𝑀𝑂
is the HOMO level of the donor, 𝐸𝐿𝑈𝑀𝑂
is the LUMO

level of the acceptor, and ∆𝐸 is the energy loss due to the transportation of the charge carriers (eh) towards the electrodes.
There are many factors affecting the Voc in OSC like the temperature, electrode materials and light
intensity. In this work, the studied factor is the charge transfer states. [41]
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2.2 Charge Transfer (CT) States
CT states also known as charge transfer complexes (CTC) is a weakly bound electron-hole pair
that is located at the interface of the BHJ OSC. The formation of the ground CTC arises from
mixing the polymer donor with the acceptor material, under illumination of this ground state,
exciton (excited) CTC is formed. The energy of the charge transfer state ECT can be also described
by the HOMO-LUMO offset shown in figure 18. [43] [44]

Figure 18 Energy level diagram illustrating the formation of an interfacial CT energy. [45]

Generally, these CT states can either dissociate into free charges or decay back to the ground state
via a radiative or non-radiative pathways which is a loss mechanism. [43] Figure 19 shows the
energy loss at the charge generation (Eg-ECT) and at the charge recombination (ECT-eVOC).
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Figure 19 Energy losses determining the Voc in OSC. [46]
One of the main properties of CT states is the low oscillator strength which means small portion
of exciton CTC is created upon light absorption, thus its contribution to photocurrent is small
compared to the photocurrent generating from the donor or acceptor excitation. The absorption of
the ground CTC can be observed in the photovoltaic external quantum efficiency (EQEPV) and can
be detected using a sensitive technique as its absorption is in the low-energy range. In case of the
radiative decay, its emission can be detected using electroluminescence (EL) spectroscopy. [43]
The following equation shows the dependence of the Voc on the energy of the CT states and also
other parameters; i.e. Voc is linearly dependent on temperature (T) and logarithmically dependent
on light intensity (Jsc)
𝑉𝑜𝑐 =

𝐸𝐶𝑇
𝑞

+

𝑘𝑇
𝑞

𝐽 ℎ3 𝑐 2

𝑠𝑐
ln (𝑓𝑞2𝜋(𝐸

)+

𝐶𝑇 −𝜆)

𝑘𝑇
𝑞

ln(𝐸𝑄𝐸𝐸𝐿 ) (2.5)

Where q is the elementary charge, k is Boltzmann constant, EQEEL is the EL external quantum
efficiency, 𝑓 describe the strength of donor-acceptor interaction, 𝐸𝐶𝑇 − 𝜆 is the CT emission peak.
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Thus from equation (2.5) the recombination losses of both types between qVoc and ECT can be
𝐽 ℎ3 𝑐 2

𝑠𝑐
calculated, where the term - 𝑘𝑇 ln (𝑓𝑞2𝜋(𝐸

) represents the difference in radiative losses

𝐶𝑇 −𝜆)

(𝑞∆𝑉𝑜𝑐,𝑟𝑎𝑑 ), and the term −𝑘𝑇 ln(𝐸𝑄𝐸𝐸𝐿 ) represents the difference in non-radiative losses
(𝑞∆𝑉𝑜𝑐,𝑛𝑜𝑛𝑟𝑎𝑑 ). [43]

2.3 Charge transfer state energy determination
2.3.1 Two Gaussian Model
Essentially, Voc dependence on the CT state energy (ECT) as shown in equation (2.5) can be
described by the CTC characteristics (absorption and emission spectra). According to Marcus
theory, the electron transfer from an electron donor to an electron acceptor species is described by
the transition between two parabolic surfaces where y-axis is the Gibbs free energy (G) and x-axis
is the change of nuclear coordinate or also called the reaction coordinate. Where x-axis represents
the changes that happen on the nuclei position when moving from donor to acceptor species
(Fig2.6). In this work, Marcus theory is utilized to describe radiative transition, which is vertical
transition that occurs via light absorption and emission that does cause changes in the x-axis and
that changes in x-axis only occur when the excited state relaxes to its lowest energy. In other words,
Marcus theory informs us about the photon energy required to have absorption and emission
processes. It is noteworthy that the reason of choosing the parabolic shape is based on the
assumption that the system has a harmonic oscillator, which means the nuclei were particles linked
by springs (Hooke’s law). Moreover, the nuclei have an equilibrium position which is the bottom
of the parabola when nuclei are displaced from that position, their potential energy (y-axis)
increases quadratically with x-axis to the equilibrium and that assumption gives the shape of a
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parabola. Marcus theory was used to identify the energy of the CT state (ECT) where the two
parabolas represent the energies of the ground state and the first excited CT state as a function of
reaction coordinate. [47][49]

Figure 20 Gibbs free energy diagram of CTC as a function of reaction coordinate. [43]

Moreover, important parameters can be extracted from this model (Fig. 20) like the reorganization
energy (𝜆) which defined as the change in Gibbs free energy which is the energy required to make
the two parabolas have the same nuclear configuration without having electron relaxation. ECT is
the difference in free energy between the lowest points of the ground state and the lowest excited
CTC, respectively. [47] [49]
Therefore, to have an exact value of the CT state energy, we must distinguish the CT state
absorption (resp. emission) from the blend spectrum and that can be achieved by using the two
Gaussians fit. To illustrate, both EQE and El spectrum of the blend are plotted in a logarithmic
scale to probe CT absorption in the EQE tail and the CT emission in the EL spectra and thus be
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able to use the two Gaussians fit model. From Marcus theory, a formula for the CT absorption and
CT emission were derived, both formulas are temperature (T) dependent thus when cooling down,
less states are populated resulting in narrowing up the absorption tails of the CT states. Formula
(2.6) describes the CT absorption as a function of the photon energy (E)

𝑓

𝐸𝑄𝐸𝑃𝑉 (𝐸) = 𝐸√4𝜋𝜆𝑘𝑇 𝑒

(

2
−(𝐸𝐶𝑇 +𝜆−𝐸)
)
4𝜆𝑘𝑇

(2.6)

Where 𝑓 is a measure of how strong the interaction between the donor and acceptor material, k is
Boltzmann constant, and the term ECT + 𝜆 is the absorption peak of the CT absorption spectra.
While the formula for the CT emission is given by formula (2.7)

𝑓

𝐸𝐿(𝐸) = 𝐸√4𝜋𝜆𝑘𝑇 𝑒

(

2
−(𝐸𝐶𝑇 −𝜆−𝐸)
)
4𝜆𝑘𝑇

(2.7)

Figure (7) shows the fitting method for MDMO-PPV:PCBM solar cell, plotting both EQEPV and
EL of the blend in one graph where y-axis is the EL intensity divided by the photon energy
(reduced spectra), and x-axis is the energy in electron-volt (eV). EQEPV and EL are represented by
two black curves and the grey curves represent the Gaussian fits of both formulas (2.6&2.7).
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Figure 21 Reduced spectra of the absorption and emission of MDMO-PPV:PCBM (1:4) device.
[47]
In detail, the first Gaussian (grey curve) is for the EQEPV spectra was fitted using formula 1 with
certain 𝜆 value and certain ECT value which usually identified in the low energy region. Then, the
second Gaussian fit is for the EL spectra fitted using formula 2.6 and using the same 𝜆 and ECT of
the first Gaussian. It is not trivial to detect the energy of the CT state from only absorption or
emission spectra, thus the ECT is taken from the intersection of the two Gaussians as it gives a
better estimation.
This method works best when there is a clear bump in the absorption tail of the blend that indicates
the extra absorption coming from the CT state thus it gives a sort of sense where the CT absorption
is located. However, there are some cases where there is no clear bump in the absorption tail of
the blend that gives it a flat shape which makes it difficult to identify the CT spectra by the two
Gaussians method. Therefore, a new method has been introduced to solve the case of the unclear
CT emission that we call the three Gaussians method.
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2.3.2 Three Gaussian Model
As new materials are developed, some materials have very limited losses between Eg and ECT (Fig.
19). Thus, the absorption of the NF pristine acceptor is very high resulting in high emission. As a
consequences, the emission of the pristine acceptor is similar to the blend emission which makes
it difficult to detect the CT emission. Also another reason why we are using the three Gaussian
model fit for the EL spectra is that the contribution of CT state absorption in the tail of EQE is not
clear because the CT state energy is close to the energy of the singlet state (S1). However, CT
contribution from EL is clearer. In order to separate the CT emission from the blend emission,
three Gaussians are needed to isolate the CT emission within the blend emission since there is an
extra emission (CT emission) coming from the blend emission that is red-shifted compared to the
emission of the blend components. Generally, two Gaussians are used to cover the pristine acceptor
emission as it has two absorption peaks, which are the 0-0 peak and the 0-1 peak known as the
shoulder peak. While the third Gaussian is fitted for the CT emission, to further understand this,
three Gaussians formula was used and fitted to normalised EL spectra [50].

∅𝐸𝐿 (𝐸) = 𝐴1 𝐸 3 𝑒

𝐸 −𝐸
−( 1 )
𝑐1

2

2

+ 𝐴2 𝐸 3 𝑒

𝐸 −𝐸
−( 2 )
𝑐2

+ 𝐴3 𝐸 3 𝑒

𝐸 −𝐸
−( 3 )
𝑐3

2

(2.8)

Where An is the amplitude of the nth Gaussian, En is the centre of the Gaussian, Cn is the width of
the Gaussian, and E is the photon energy. These Gaussians functions were used to obtain the ECT
and the first singlet state energy.

2.4 Organic light emitting diode (OLED) working principle
An organic solar cell behaves like an OLED in the dark, thus for EL measurement it requires a
basic understanding of the OLED working mechanism. Typically, OLED device is composed of
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five layers. Two electrodes, a semi-transparent, high work function anode and an opaque, low
work function cathode, at both ends connected to a voltage supply. Where the middle layer is an
emissive layer sandwiched between two layers made of organic semiconductors, the electrontransport layer (ETL) and the hole-transport layer (HTL) (Fig. 22). In case of applying voltage
between electrodes, holes are injected into the HTL and electrons are ejected into the ETL forming
excitons when reaching the emissive layer. Then, when an excitons recombine, light is emitted.
[51]

Figure 22 Organic light emitting diode device. [51]
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Chapter 3: Materials and Methods

3.1 Materials and Device Structure
In this work, different devices were fabricated using the same donor material PTB7-Th (PCE10)
with different NF acceptor materials (ITIC, O-IDTBR, O-IDTBCN) in CB solvent to compare the
CT state energy of each system (Figure23). Figure 24 shows the energy level diagram of the donor
and NFAs. The fabricated devices have an inverted structure which means the deposition follows
a sequential order that starts with the electron-collecting layer (cathode), electron-transporting
layer (ETL), active layer, hole-transporting layer (HTL), and hole-collecting layer (Anode)
(Figure25-a), with a representation of the HOMO-LUMO difference of the materials used in the
BHJ solar cell (Figure25-b).

Donor

O-IDTBR

ITIC

PTB7-Th (PCE10)
O-IDTBCN

Figure 23 Chemical structures of the donor-acceptor materials [52] [53]
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Figure 24 Energy level diagram of PTB7-Th with NFAs [52] [54]
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MoOx

Acceptor

-4.8

ZnO

Energy (eV)
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Figure 25 Energy level of the device interlayers (a), Device structure (b)
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3.1.1 Donor and Acceptor Materials
All materials are commercially available. All solutions were prepared in the N2 filled glove box
and then placed on a hot plate at 60°C and 360 rpm for 8 hours.

Active layer
PCE10:ITIC

Ratio
(D:A)
1:1.25

PCE10:O-IDTBR
PCE10:O-IDTBCN

Solvent
20% of CB

Spin Coating
Speed (rpm)
1200

Spin Coating
Time (sec)
30

1:1

CB

2000

30

1:2

CB

2000

30

Table 1 Active layer conditions
3.1.2 Device Layers
3.1.2.1 Electron-Collecting Layer
The solar cell layers were deposited on a transparent conducting flexible substrate made of glass
that is covered by patterned Indium Tin Oxide (ITO) with a size of 25.4x25.4x1.1 mm (Figure3.4).

Figure 26 ITO substrate
Thin films of ITO is commonly used in solar cell due to their interesting optical and electrical
properties such as stability, low sheet resistance (15 ohm/sq), high transparency, and excellent

45

substrate adhesion. Furthermore, the device structure that was used is the inverted BHJ where the
ITO layer works as electron-collecting electrode (cathode).
3.1.2.1.1. Substrates Cleaning Process
Having a high work function of an ITO surface is critical in enhancing the adhesion and improving
the device performance. Thus, cleaning the ITO substrates is a must to avoid any contamination
on the surface. First, substrates were placed in a sample holder then immersed in soap and cleaned
in ultrasonic bath for 15 minutes. After that, substrates were rinsed in filtered DI water for around
7 minutes to ensure that soap has been removed. Next, they were cleaned respectively by acetone
and isopropanol through sonication for 15 minutes each. Then, substrates were dried using nitrogen
gas. The last step was using plasma treatment for 20 minutes to eliminate surface pollutants and to
adjust the work function for better adhesion.
3.1.2.1.2. Electron-Transporting Layer
On top of the ITO substrate, a layer of Zinc Oxide (ZnO) was deposited by spin-coating in air that
functions as electron-transporting layer. About 145 µL of ZnO nanoparticles solution was spincoated at speed of 4000 rpm for 30 seconds. After that, both right and left edges are wiped with
DI water to have access to the ITO layer, followed by a thermal annealing at 110 °C for 10 minutes.
This interlayer has an important role in enhancing the surface of the ITO.
3.1.1.2 Active Layer
The deposition of this layer was done inside the glove box using spin-coating device from
Speciality Coating System (Model G3P-8) at different spin-coating conditions. After deposing the
active layer, the device edges were scratched using a blade in order to have access to the ITO, all
devices have an active area of 0.1 cm2.

46

3.1.2.4. Hole-Transporting Layer
A 7 nm of Molybdenum Oxide (MoO3) hole transport layer was thermally evaporated through a
shadow mask with a deposition rate 10 Å/s under a vacuum pressure of less than 2x10-6 Torr and
deposited onto the active layer to acquire an effective hole-extraction from the device and lower
the surface roughness. MoO3 has several advantages due to its transparency in the visible range,
relatively high hole-mobility, and environmental stability.
3.1.2.4. Hole-Collecting Layer
A 100 nm of silver (Ag) was thermally evaporated and deposited on the HTL. Ag was chosen as a
hole-collecting layer (Anode) due to its high work function, and high stability.

3.2 Deposition Techniques

There are different methods for depositing the active layer of polymer solar cells at lowtemperature such as spin-coating, doctor blade coating, electrodeposition, and roll-to-roll
techniques.[37]
Spin-coating is one of the most commonly used techniques for fast and effective deposition of thin
films on flat substrates (Fig3.5). Using the spin-coater has several advantages over the other
methods as it, for instance, creates homogenous films even on flexible substrates. In addition, the
rotation speed controls the thickness of the photoactive layer, thus keeping a constant speed during
the spin-coating process is important to achieve a uniform film. [38]
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Figure 27 Spin coating technique. [39]
3.3 Device Characterization Techniques
In this thesis, electrical and optical properties of the fabricated devices were measured using
different characterization techniques.

3.2.1 J-V Characterization
The solar cells of active area of 0.1 cm2 were illuminated in the glove box using a solar simulator
under 1 sun, AM 1.5 G condition, and a Keithley 2400 source-meter with a computer software to
scan the current through the devices for current density-voltage characteristics. From the J-V
curves, important factor were extracted, i.e. Voc, Jsc, FF, and PMP which is the maxima of the power
curve where the solar cell should be operated.

3.2.2 External Quantum Efficiency (EQE)
The external quantum efficiency measurement (EQE) was obtained at zero bias by illuminating
the device area using a system combining xenon arc lamp, a monochromator, and a Newport
Merlin lock-in amplifier together with a calibrated silicon photodetector that was used to calculate
the number of incident photons on the device of a given energy. The EQE measurement observed
range from 350 to 1100 nm with increment step of 5 nm. The ratio of the number of collected
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charges to the number of incident photons was calculated at each wavelength. This techniques was
used to demonstrate the solar cells converting efficiency of incident photons in a particular range
of wavelengths. The ideal shape of the EQE spectra is a square which indicates that the external
quantum efficiency value is wavelength independent, for 100% EQE this means that all the
incident photons are efficiently converted into extractable charge carriers.
3.2.3 Sensitive External Quantum Efficiency (SEQE)
The sEQE spectra were obtained at short circuit condition using a xenon arc lamp producing
focused monochromatic illumination. EQE was defined as the ratio of the photo-generated current
to the incoming photons. Light was chopped at 276 Hz and the intensity was calibrated using Si
photodiode. The produced current from the device was measured as a function of photon energy
using a lock-in amplifier to measure only the frequency modulated signal.

Figure 28 Schematic drawing of the sEQE setup. [55]
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3.2.4 Electroluminescence Spectroscopy (ELS)
An organic solar cell behaves as a diode in the dark. Therefore, ELS measures the emission from
a solar cell (diode) by applying a forward bias around the open circuit voltage that results in charge
carrier injection. CT states are formed at the interface by the injected carriers and after that some
of these CT states recombine radiatively, which can be observed as electroluminescence (EL)
spectrum. As mentioned above, this emission is distinct from the pristine donor or accepter
material.

Figure 29 Schematic drawing of the electroluminescence (EL) setup.

The EL measurements were performed by applying a forward bias to the active layer of the solar
cell. The DC voltage (Keithley 2040) is applied at the Voc of the device. The emission resulted
from charge injection is collected by a collimator connected to an optical fiber and then transmitted
to the spectrograph where it dispersed into its components. The spectrometer measures intensity
as a function of photon wavelength.
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Chapter 4: Results and Discussion

4.1 UV-Vis Absorption

Figure 30 UV-Vis absorption spectra of blend films a) PCE10:ITIC, b)P CE10:O-IDTBCN, c)
PCE10:O-IDTBR [54]

Figure 30 displays the absorption spectra of the donor (PCE10), which highly overlaps with the
absorption of the three NFAs. PCE10:ITIC has a broad absorption, ranging from 350 to 800 nm
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and peaking at 700 nm. The absorption of O-IDTBCN is red-shifted compared to the other systems
due to the low band gap of O-IDTBCN resulting in a complementary absorption to PCE10. For
PCE10:O-IDTBR, the absorption spectra present a maximum peak at 690 nm with a broad
absorption starting from 500 nm to 750 nm .

4.2 J-V Characteristics

Figure 31 Typical J-V characteristics of the PCE10:ITIC, PCE10:O-IDTBR, and PCE10:OIDTBCN, solar cells measured under illumination of 100 mW/cm2

Figure 30 describes the JV characteristics of the BHJ non-fullerene OSCs that were fabricated with
an inverted device structure of ITO/ZnO/Active Layer/MoOx/Ag. In agreement with previous
reports [52],[54] the PCE10:ITIC device with thickness of 100 nm achieved a PCE of 7.91% with
a corresponding open circuit voltage (Voc) of 0.82 V, a short-circuit current (JSC) of 15.46 mA cm2

, and a fill factor (FF) of 62.68%. The PCE10:O-IDTBCN device delivered a PCE of 7.98% based
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on a VOC of 0.73 V, JSC of 17.72 mA cm−2, and FF of 61.20%, while the PCE10:O-IDTBR device
exhibited the highest Voc of 1.02 V, with a PCE of 8.02%, Jsc of 14.42 mA cm -2, and FF of
53.92%, All the photovoltaic parameters are listed in Table 2.

Devices

JSC (mA/cm2)

Voc (V)

FF (%)

PCE (%)

PCE10:ITIC

15.46

0.82

62.68

7.94

PCE10:O-IDTBR

14.42

1.03

53.92

8.02

PCE10:O-IDTBCN

17.72 (19)

0.73

61.20 (64)

7.98 (8.87)

Table 2 Figures of merit of PCE10:ITIC, PCE10:O-IDTBR and PCE10:O-IDTBCN solar cells
(with maximum values in parenthesis).
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4.3 External Quantum Efficiency (EQE)

Figure 32 External quantum efficiency spectra of PCE10:ITIC, PCE10:O-ODTBR, PCE10:OIDTBCN solar cells.
Figure 32 displays EQE spectra that were acquired for the three devices. PCE10:ITIC device shows
a maximum quantum efficiency (QE) of 72% at 750 nm, where the EQE for PCE10:O-IDTBCN
device exhibits two peaks coinciding with the absorption maxima of the blend. The EQE
approaches 75% at the absorption maximum. The EQE spectrum of PCE10:O-IDTBR shows a
maximum value of 73% at 660 nm. The EQE drops after 700 nm towards the NIR region reaching
a very low EQE value. The drop in the short-circuit current in PCE10:O-IDBTR compared to
PCE10:O-IDTBCN and PCE10:ITIC can be attributed to the broader absorption of PCE10:OIDTBCN as seen in the EQE, the EQE of PCE10:O-IDTBCN is red-shifted towards longer
wavelengths as it has a smaller band gap compared to the other devices. The high fill factor and
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the high photocurrent in PCE10:O-IDTBCN compared to the other blends, is explained by the low
field-dependent geminate recombination loss [54].

Figure 33 Integrated short-circuit current

4.4 ECT Determination
Since the difference in JSC and FF is explained, now we focus on the open-circuit voltage difference
that has not been clarified yet. The main goal of this work is to explain the difference in Voc losses
in NFA OSC. As mentioned earlier in (see chapter 2, equation 2.5), there are three main factors
that affect the Voc value, the charge transfer state energy (ECT),the radiative voltage losses
(∆Voc,rad), and non-radiative voltage losses (∆Voc,nonrad).
𝑉𝑜𝑐 =

𝐸𝐶𝑇
𝑞

− ∆𝐕𝒐𝒄,𝒓𝒂𝒅 − ∆𝐕𝒐𝒄,𝒏𝒐𝒏𝒓𝒂𝒅

(2.5)

Where ∆Voc,rad is the difference in radiative voltage losses (4.1)
∆Voc,rad = ECT - Voc,rad

(4.1)

∆Voc,nonrad is the difference in non-radiative voltage losses and expressed in (4.2)

55

∆Voc,nonrad = Voc,rad - Voc

(4.2)

Therefore, the requirement for achieving maximum value of Voc is by increasing the ECT and
reducing both radiative (∆Voc,rad) and non-radiative (∆Voc,nonrad) voltage losses. To calculate the
voltage losses, we need to determine the ECT. To define ECT, sensitive EQE and EL measurements
for the three devices were required.

4.5 Sensitive (EQE)

Figure 34 sEQE spectra of the NFA OSC
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The spectra shown in Fig.34 were obtained using a highly sensitive EQE technique, as the CT
absorption is very low due to their low absorption coefficient. Thus, obtaining sensitive EQE
spectra allows us to probe the sub band gap (CT state) absorption that usually lies in the low energy
region of the spectra.

4.6 Electroluminescence Spectroscopy (ELS)

Figure 35 EL spectra of NFA-based OSC
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Fig. 34 displays the electroluminescence spectra from polymer:non-fullerene OSCs. From the EL
spectrum we can probe the CT emission as it is red shifted compared to the emission of the pristine
donor and pristine acceptor materials.

Figure 36 Two Gaussian model fit of PCE10:ITIC

The black curve represents the EQE spectrum of the PCE10:ITIC device, where the EQE tail was
fitted using a Gaussian fit (equation (2.6)) that represents the CT state absorption. The green curve
represents the EL spectrum of the PCE10:ITIC device where the low energy region of the EL was
fitted using a Gaussian equation (equation (2.7)). The extracted parameters of the first Gaussian
are ECT = 1.51 eV and 𝜆 =0.12 eV, which is the reorganization energy related to the width of the
Gaussian. The intersection of both fits gives the ECT value of 1.54 eV. The second Gaussian which
represents the EL spectra of the CT state was fitted using the same ECT and 𝜆 as the Gaussians
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from the EQE and EL correspond to the same species, i.e. the same CT state. Then, the value for
ECT is taken from the intersection of the two Gaussians.

b)
a)

Figure 37 Two Gaussian model fit of a) PCE10:O-IDTBR, b) PCE10:O-IDTBCN
In figure 37, we note that the two Gaussians model fit does not work in the case of PCE10:OIDTBCN and PCE10:O-IDTBR systems. It is clearly seen that the EL spectra of both blends cannot
be fitted by a Gaussian, which could be one of the reasons why the fit model failed. Also, fitting
the EQE spectra of the blend is fitting the band gap of the EQE not the CT state absorption because
we cannot see a clear contribution of CT absorption in the tail of EQE. The main reason for not
seeing a clear bump that indicates the CT absorption in the EQE tail is that the CT state energy is
close to the energy of the singlet state, which means the CT state emission cannot be seen and must
be distinguished from the acceptor emission in the blend. Therefore, a new fitting method was
used to determine ECT for the PCE10:O-IDTBR and PCE10:O-IDTBCN systems based on the EL
spectrum of neat materials.
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Figure 38 Three Gaussian model fit for PCE10:O-IDTBCN
PCE10:O-IDTBCN

Gaussian (1)

Gaussian (2)

Gaussian (3)

A

0.006

0.07

0.43

E

1.54

1.49

1.31

C

0.04

0.09

0.10

Table 3 Fit Parameters of PCE10:O-IDTBCN system
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Figure 38 shows the normalized electroluminescence spectra of PCE10:O-IDTBCN blend (red
curve) and pristine O-IDTBCN (black curve). The energy of the charge transfer value was acquired
here by using the three Gaussian model. Both EL spectra of the blend and the pristine acceptor
were fitted using equation (2.8). The extracted CT state energy for the PCE10:O-IDTBCN blend
is 1.42 eV.

Figure 39 Three Gaussian model fit for PCE10:O-IDTBR.
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PCE10:O-IDTBR

Gaussian (1)

Gaussian (2)

A

0.002

E

1.63

1.51

1.37

C

0.05

0.12

0.12

0.23

Gaussian (3)
0.24

Table 4 Fit Parameters of PCE10:O-IDTBR system

Figure 39 shows the normalized electroluminescence spectra of PCE10:O-IDTBR blend (white
curve) and pristine O-IDTBCN ( solid black curve). The energy of the charge transfer value was
acquired here by using the three Gaussian model fit. The CT state energy for the PCE10:OIDTBCN blend is 1.48 eV. Note that the contribution of the first Gaussian to the blend emission
is small compared to the contribution of the second and third Gaussians. Where the second
Gaussian was fitted for the shoulder peak of the acceptor and third Gaussian was for CT emission
in the blend.
We note that ECT of the three systems are similar which does not explain the Voc losses, therefore
we calculated the radiative and non-radiative voltage losses in the Voc.
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4.7 Calculation of voltage losses in NF based OSC
To calculate the Voc losses in equation (2.5)
𝑉𝑜𝑐 =

Where

𝑘𝑇
𝑞

𝐸𝐶𝑇
𝑞

+

𝑘𝑇
𝑞

𝐽 ℎ3 𝑐 2

𝑠𝑐
ln (𝑓𝑞2𝜋(𝐸

𝐶𝑇

)+
−𝜆)

𝑘𝑇
𝑞

ln(𝐸𝑄𝐸𝐸𝐿 ) (2.5)

ln(𝐸𝑄𝐸𝐸𝐿 ) represents the radiative voltage losses, EQEEL was constructed from the EL

spectrum of the blends to calculate the non-radiative losses.
The radiative losses were quantified from the diode equation

𝑉𝑜𝑐, 𝑟𝑎𝑑 =

𝑘𝑇
𝐽𝑝ℎ
ln (
+ 1)
𝑞
𝐽𝑜, 𝑟𝑎𝑑

Where Jph is the short-circuit current (Jsc) and Jo,rad was calculated by integrating the product of
EQEPV and the black body radiation (∅𝐵𝐵 ) as expressed in equation (4.1)
∞

𝐽𝑜, 𝑟𝑎𝑑 = 𝑞 ∫0 𝐸𝑄𝐸𝑃𝑉 ∅𝐵𝐵 (𝐸)𝑑𝐸 (4.1)
The losses during charge generation can be calculated using equation
ΔECT = Eg − ECT (4.2)

Systems

Voc (V)

Eg

ECT (eV)

∆ECT (eV)

∆Voc,rad (V)

∆Voc,nonrad (V)

PCE10:ITIC

0.82

1.68

1.51

0.17

0.25

0.44

PCE10:O-IDTBR

1.03

1.72

1.48

0.24

0.19

0.26

PCE10:O-IDTBCN

0.73

1.48

1.42

0.06

0.22

0.46

Table 5 Voltage losses in NFA OSC
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Where Eg is the optical band gap was taken for the pristine acceptor material defined as the
intersection between the photoluminescence (PL) and the electroluminescence (EL) spectrum.
Determining Eg is based on the mirror image rule, which states that emission spectrum mirrors the
absorption spectrum generated from lowest vibrational state of the ground state to the first excited
state. This concept can be explained by Kasha’s rule, where absorption occurs from the lowest
vibrational level (z=0) of the electronic ground state (S0), and emission transition occurs from the
lowest vibrational level (z’=0) of the first excited state (S1). Thus, the intersection between the two
spectra, absorption from S0 to S1 and emission from S1 to S0, determines the Eg as both transitions
share the same energy.
The charge generation losses (ΔECT) were calculated, where PCE10:O-IDBTCN has the lowest
(ΔECT) compared to the other devices, explained by attaining PCE10:O-IDBTCN the lowest
optical band gap (Eg) (1.48). The high open-circuit voltage in PCE10:O-IDTBR (1.03V) compared
to PCE10:ITIC, and PCE10:O-IDTBCN, can be explained by ∆Voc,rad , ∆Voc,nonrad or ECT. For the
ECT, it is noted that there is a slight difference in ECT values, thus the difference in Voc could be
related to the radiative and non-radiative voltage losses. For ∆Voc,rad, it is reported that ∆Voc,rad is
an inevitable loss mechanism, where we can see the fabricated NFA OSC have pretty much the
same value for ∆Voc,rad. Thus, in this case study we note the PCE10:O-IDTBR device has the
lowest ∆Voc,nonrad (0.26 V) which explains the high Voc. The reason behind obtaining PCE10:OIDTBR the lowest ∆Voc,nonrad is not clear yet.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions
In this work, I used PCE10 as the donor material with three different NFA, which are ITIC, OIDTBR, and O-IDTBCN. The achieved efficiency of the solar cells were 7.91%, 8.02%, and 9.15%
respectively. The energy of the charge transfer state was extracted using two different fitting
models for the three systems by using electroluminescence spectroscopy and the sensitive external
quantum efficiency. Both radiative and non-radiative voltage losses of NF based OSC were
calculated. The radiative voltage was calculated using the diode equation, and the non-radiative
voltage was calculated by constructing EQEEL. The highest ∆Voc,rad was for PCE10:ITIC which also
has the lowest efficiency. The CT energy is similar for the three systems, therefore, the CT state
is not the main reason for the voltage losses in the Voc. Thus, the voltage losses between PCE10:OIDTBR (1.03 V) and PCE10:O-IDTBCN (0.73 V), and PCE10:ITIC (0.82V), could be explained
by the ∆Voc,nonrad which is the lowest in PCE10:O-IDTBR compared to the other two systems. The
non-radiative voltage losses for each system is higher than its radiative voltage losses, thus
∆Voc,nonrad is responsible for the low Voc in NF OSC.

5.2 Future work
5.2.1 Molecular Structure
In order to show the relation between ECT and Voc, more NFA-based OSC will be fabricated. The
O-IDTBR and O-IDTBCN have a similar molecular structure except for the end groups, (BR) and
(CN), where the same functional in O-IDBTCN is also exist in ITIC molecule. Thus, we expect
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that O-IDTBR end group could be the reason for obtaining low non-radiative voltage loss. To
investigate, we substitute the functional group of O-IDTBCN and ITIC molecules with the BR end
group.

5.2.2 Intermolecular packing (Bulk packing)
Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)
GIWAXS is a scattering measurement, to investigate and disclose the molecular packing structure
of the small molecule. Thus, we can study the acceptor-acceptor aggregation and probe the effect
of the side-chain substitution on the aggregation.
Molecular Dynamics (MD)
MD is a computer simulation which is a technique to analyze the atoms and molecules interactions,
therefore, we can investigate the aggregation at the interface between the donor and acceptor
materials.
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