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Abstract 

Organic solar cell (OSC) is a promising photovoltaic technology because the optoelectronic 

properties of the organic materials can be easily tuned, which allows for constant improvement 

in the device performance, material cost, and processability. Although significant progress has 

been made and power conversion efficiency (PCE) of over 18% has been achieved, there is 

still room for improvement and for potentially bridging the gap between organic and inorganic 

solar cells in terms of efficiency. For example, the low dielectric constant of polymer donors 

used in the active layer of the OSC leads to the formation of tightly bound excitons (electron-

hole pairs still under Coulombic attraction) which might lead to high exciton binding energies 

(Eb), thus increasing the recombination losses and lowering the overall device performance. 

However, enough attention has not been paid to the role of the dielectric constant of the neat 

polymer films and their blends with non-fullerene acceptors in OSC devices.  

In this study, the exciton binding energies of six polymer donors (three commercial and three 

synthesized in our lab) are measured using photoconductivity quantum efficiency 

measurement. Then, the dielectric constants (εr) of these polymers are measured to explore 

their relationship with the Eb. A lack of correlation between εr and Eb was found and therefore, 

suggesting that increasing the dielectric constant (using fluorination, etc.) need not necessarily 

decrease the Eb of polymer donors. After studying the effects of molecular structure on the 

measured εr and Eb, the effects of (i) processing conditions (thermal annealing and addition of 

1,8-diiodooctane (DIO) additive in blends), and (ii) dielectric constant of donor polymers, on 

the blend dielectric constants were investigated. The changes in VOC and FF have been mainly 

focused on since they are directly influenced by the donor/acceptor material properties 

(specifically, Eb and εr) and the changes in active layer morphology. It is found that the effect 

of processing conditions on the dielectric constants of blends is minimal. Moreover, increasing 

the dielectric constant of the polymer donor and non-fullerene acceptor, might not necessarily 

lead to an increased dielectric constant of the blend, and small changes in dielectric constants 

do not show visible effects on the device performance parameters. 
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Chapter 1 

Introduction 

1.1 Introduction to organic photovoltaics 

Organic photovoltaics (OPVs) as a renewable energy source has been studied extensively 

during the past decade. The intrinsic advantages of this thin-film technology over the inorganic 

solar cell technologies (such as ease of processability, flexible substrate design, and potential 

low-cost roll-to-roll (R2R) printing) have prompted an intensive focus on the development of 

novel materials and device design. As a result, the efficiency of organic solar cells has reached 

a remarkable 18%[1], establishing OPV devices as promising alternatives to inorganic solar 

cells for commercial applications.[2,3]  

Although substantial success has been achieved towards improving the efficiency of OPVs and 

the gap between organic and inorganic solar cell technologies (such as Si, CIGS, and 

perovskite solar cells)[4] seems to be narrowing, there is still room for improvement. There are 

several types of loss mechanisms that limit the achievable power conversion efficiency (PCE) 

below the theoretical Shockley and Queisser[5] limit of 33.7%, achievable with a 

semiconductor having a bandgap of 1.34 eV. Even in a conservative estimate, Hou et al.[6] 

predicted that a PCE of > 20% for OSCs can be obtained if voltage loss (Vloss) can be lowered 

to < 0.45 V. For high PCE perovskites, Vloss of 0.3 V has been reported,[7] while the current 

state-of-the-art organic solar cells show Vloss of ca. 0.6 V.[8,9] Understanding the mechanisms 

for Vloss and hence providing guidelines for designing new materials for the active layer of the 

organic solar cell device remains an active area of research. Increasing fill factor (FF) is another 

direction where the focus has been increasing. The FFs of state-of-the-art OSCs are still much 

lower than those of the inorganic solar cells (fill factor and voltage loss is defined in the 

subsequent sections).  
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1.2 Theory of organic solar cells 

 

 

 

The mechanism of working of organic solar cells is fundamentally different from the 

conventional inorganic solar cells, such as silicon photovoltaics. The continuous and strongly 

bound lattice (due to covalent bonds) in inorganic semiconductors ensure that the charge 

carriers are delocalized and the Coulombic force of attraction between holes and electrons is 

very small. Moreover, due to the presence of a high dielectric constant, the binding energy of 

photogenerated electrons and holes is much smaller than the thermal energy of charge carriers 

at room temperature (~26 meV). Therefore, absorption of a photon of light with enough energy 

results directly in free electrons and holes, which can be swept across the built-in potential of 

the p-n junction at the interface between p and n-doped silicon.  

In contrast, the absorption of a photon in organic semiconductors does not result in free electron 

and hole due to the presence of large Coulombic attraction (0.2-1 eV).[10–12] This large 

Coulomb interaction (binding energy) is a consequence of the electronic structure of organic 

Figure 1 Schematic diagram illustrating the potential well for an isolated 

molecule (left) and an aggregation of molecules (right) held together by 

van der Waals interactions. Adapted from Gregg, 2003.[11] 
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semiconductors. The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) (analogous to conduction and valence band in inorganic 

semiconductors) of organic semiconductors are coupled weakly due to the presence of van der 

Waals-type forces. These weakly interacting energy levels of individuals molecules are highly 

localized and therefore organic semiconductor is also called molecular solid (illustrated in 

Figure 1).[13] 

1.2.1 Operation of photovoltaic solar cells 

 

 

 

An organic solar cell (OSC) works on the principle of direct conversion of incident sunlight 

(photon with energy hυ, h= plank constant, υ= frequency) into electrical energy. As the photon 

Figure 2 (a) Steps in the photovoltaic processes in OSC: (i) Exciton generation from absorbed 

photon in donor; (ii) exciton diffusion to donor:acceptor interface; (iii) exciton dissociation by 

electron transfer to acceptor; (iv) separation of still coulombically bound electron-hole pair due 

to electric field; (v) charge transport of electron and holes (competing with recombination); 

and (vi) extraction of charges. (b) Energy diagram- simplified version. Adapted from Carsten 

Deibel and Vladimir Dyakonov, 2010.[15] 
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is absorbed, an electrically bound hole-electron pair (exciton) is generated, which dissociates 

into free carriers under the influence of a built-in electric field (due to local electric field created 

by LUMO or HOMO energy level offsets and also contributed by work function difference of 

the electrodes).[14] These free charges are conducted to their respective electrodes because of 

the preferred mobility of donor (to conducts holes) and acceptor (to conducts electrons). All 

these steps and relevant energy levels are shown in Figure 2 (adapted from Carsten Deibel and 

Vladimir Dyakonov[15]). The driving forces to make this happen are internal built-in electric 

fields (Vbi) arising due to the difference in the electrode work functions and concentration 

gradients of charge carriers.[16–20] It is possible that the electron-hole pair combine before 

separating at the donor:acceptor interface and this recombination is termed geminate 

recombination. The recombination loss can still take place after separation into free carriers 

when the separated electrons/holes can randomly meet holes/electrons within the blend active 

layer and this recombination is called non-geminate recombination.[21]  

The selective transport (or minimization of recombination loss) is enhanced by the 

interface/buffer layers, which selectively conduct/block one of the carriers. For efficient charge 

collection, anode and cathode materials should be chosen such that they form Ohmic contacts 

(without barrier) for the transport of holes and electrons, respectively. The interface layer is 

introduced to achieve the required energy level matching.[22] 

A typical solar cell (either conventional or inverted architecture as shown in Figure 3) consists 

of: 

▪ A transparent bottom electrode: ITO is the most common bottom electrode in lab level 

small devices. Other choices include Ag nanowires or highly conductive PEDOT:PSS, 

which are more relevant to R2R applications.  

▪ A hole transport layer: Depending on the type of material used, HTL can either act as 

blocking electrons or selectively conducting holes, or forming an interface dipole that 

increases the barrier for electron transport. 

▪ A polymer blend of donor and acceptor: The active layer consists of electron donor and 

electron acceptor material. In a bulk heterojunction device (BHJ), donor and acceptor 
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are intimately mixed to achieve a nanoscale morphology. The chemical structures of 

some of the donor polymers and non-fullerene acceptors (NFAs) are shown in Figure 

5.  

▪ An electron transport layer: Electron transport layer functions the opposite of  HTL. 

The high conductivity and preferential hole blocking/electron-conducting nature of 

ETL determines the motion of the electron in opposite direction to the hole.  

▪ A top electrode: The top electrode may or may not be semitransparent. The function of 

this contact is to collect electrons in normal device structure and holes in inverted 

structure.  

 

 

 

 

Figure 3 Schematic diagram for (a) conventional and (b) inverted OSC device 

structure. Electron transporting layer (ETL) and hole transport layer (HTL)  

ease the extraction of charges at cathode and anode, respectively. The arrows 

show the direction of electron and hole transport after charge separation in bulk 

heterojunction blend of donor and acceptor.  
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The performance of a solar cell is characterized using a voltage sweep of current density (J-

V). A typical J-V curve is shown in Figure 4. The curve in turn is described by the following 

equations in the dark and under illumination (illumination source simulates the solar spectrum 

at AM1.5G standard with an intensity of 1000 W m-2): 

 

 
𝐽(𝑉) = 𝐽𝑜 [𝑒𝑥𝑝 [

𝑒𝑉

𝑛𝑘𝑇
] − 1] 1. 1 

 

 
𝐽(𝑉) = 𝐽𝑜 [𝑒𝑥𝑝 [

𝑒𝑉

𝑛𝑘𝑇
] − 1] + 𝐽𝑝ℎ 1. 2 

 

where Jo is the reverse dark current, V is the bias voltage, n is the diode quality factor, k is the 

Boltzmann constant and T is the temperature.[23] The power conversion efficiency (PCE) is 

determined using the equations at input light intensity of 100 mW cm-2 (Pin).  

 
𝐹𝐹 =  

𝑃𝑚𝑎𝑥

𝐴𝐽𝑠𝑐𝑉𝑜𝑐
 1. 3 

 

  
𝑃𝐶𝐸 =  

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
 1. 4 

 

The open circuit voltage (VOC) is defined as the maximum voltage that is obtained at zero 

current flowing through the device. The short circuit current density (Jsc) is the maximum 

current density at no applied bias. The fill factor is the ratio of the maximum operating power 

output from the device (Pmax) to the input power. Thus, the power conversion efficiency is the 

ratio of the maximum operating power (Pmax) to the input power of the incident light on the 

solar cell (Pin). 
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These parameters are directly related to the properties of the materials used, the morphology 

of the active layer, and interfaces present in the device. Jsc is dependent on the absorption 

spectrum of the materials used in the active layer. Voc is linearly related to the difference in the 

LUMOA and HOMOD. A low-lying HOMO (obtained through structure modification) of the 

donor will lead to high VOC. Another feasible way is to increase the dielectric constant of the 

donor (and/or acceptor) which can reduce the exciton binding energy, and thus reducing the 

required donor-acceptor offset LUMO for exciton dissociation, achieving a higher VOC.
[24,25] 

FF reflects the shunt (Rsh) and series (Rs) resistances and quality of the diode (represented by 

an ideality factor, n)[26,27] present in the device. Overall, these parameters depend on the 

material properties of the active layer. High and balanced hole (μh) and electron (μe) mobilities 

of   >10-4 cm2 V-1 s-1 in blend films are usually required to achieve a high FF.  

Figure 4 A typical solar cell current voltage 

characteristic. 
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1.3 Characterization tools and methods 

In a bulk heterojunction (BHJ) solar cell, where the blend active layer is composed of donor 

and acceptor materials with complementary properties, it becomes increasingly important to 

characterize some fundamental material properties, before selecting a particular combination 

of donor and acceptor. A “matching” donor:acceptor combination is required for high 

performance BHJ organic solar cells. Some of these characterization methods are listed here: 

1.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) determines the oxidative and reductive potentials of active layer 

materials. The experiment is carried out using an electrochemical analyzer, where the materials 

to be tested are cast on a platinum working electrode disc as a thin film. 0.1 M 

tetrabutylammonium hexafluorophosphate (Bu4NPF6) solution in acetonitrile is used as the 

electrolyte and a current-voltage sweep is carried out at a scan rate of 50 mV s-1. Ferrocene is 

used as the internal standard with the HOMO level of ferrocene assumed to be -4.80 eV. 

Silver/silver chloride is used as the reference electrode and another platinum electrode disc is 

used as the auxiliary electrode. The measurable change in current for the sample would be 

calculated with respect to the oxidative potential of ferrocene. The HOMO and LUMO of the 

samples are then estimated from the cyclic voltammograms while accounting for the Ferrocene 

oxidation potential.[28] 

1.3.2 UV-Vis-NIR spectroscopy 

UV-Vis-NIR spectroscopy is used to obtain the bandgap of the donor or acceptor using the 

absorption onset wavelength in thin films. Additionally, the packing behavior of the thin neat 

and blends films can also be analyzed by observing the red/blue shift of absorption onsets and 

peaks.  

1.3.3 Photoluminescence quenching characterization 

Photoinduced charge transfer efficiency (from donor to acceptor or vice versa), which is a key 

step in the OSC operation, can be probed via photoluminescence (PL) quenching and PL decay 

measurements of the blend films relative to the neat films.[29,30] For a donor:acceptor blend 
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with sufficient HOMO and LUMO offsets, PL quenching is very sensitive to morphology 

(donor and acceptor domain sizes in the blend are dictated by miscibility and film formation 

kinetics[31]) of the active layer. High miscibility might lead to a high PL quenching efficiency 

(PLQE), but it would retard the charge collection process by decreasing the electron and hole 

mobilities due to lack of percolating path to the electrodes.[31–35] Therefore, PLQE 

measurements in combination with electron/hole mobility measurement (discussed in section 

1.3.5) can shine light on the balance between miscibility and domain (donor/acceptor) purity, 

in the active layer blend.  

1.3.4 External quantum efficiency measurement 

The external quantum efficiency (EQE) is the ratio of the number of carriers collected by the 

solar cell to the number of photons of a particular wavelength incident on the solar cell.  

1.3.5 SCLC mobility measurement 

For mobility measurement using the space charge limited current (SCLC) method, a hole-only 

or electron-only diode device structure is used, where at least one electrode must efficiently 

inject one type of carriers (either electron or hole), while the other electrode should block 

injection of charge carriers of the opposite polarity. When a voltage is applied to the diode, a 

unipolar charge is injected into the active layer film, resulting in a build-up of space-charge.[36]  

 

In this thesis, the SCLC hole mobility is measured in hole-only devices, employing a device 

architecture of ITO/PEDOT:PSS/active layer/MoOx/Ag, while the SCLC electron mobility is 

measured using a device architecture ITO/ZnO/active layer/LiF/Al. In these device structures, 

PEDOT:PSS/MoOx and ZnO/LiF help in the formation of ohmic contacts at the contacts. The 

obtained J-V curve is used to fit the Mott-Gurney equation:[37] 

 
𝐽𝑠𝑐𝑙𝑐 =

9

8
 𝜇𝜀 

𝑉𝑎𝑝𝑝𝑙
2

𝑑3
  1. 5 

  

where ε = εoεr, εo is the permittivity of vacuum free space, εr is the relative permittivity 

(dielectric constant) of the material, µ is the SCLC mobility, Vappl is the applied voltage 
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corrected for work function difference (if any) between the electrodes, and d is the thickness 

of the film. 

1.3.6 Morphology characterization 

Atomic force microscopy (AFM) characterizes the surface morphology and roughness of the 

thin film samples, in height and phase imaging mode.  

1.3.7 Dielectric constant (capacitance-frequency) measurement 

Parallel-plate-capacitance measurement using impedance spectroscopy is a straightforward 

method to calculate the dielectric constant.[38] The active layer is sandwiched between two 

metallic parallel electrodes and a small perturbation of low amplitude AC signal (10-20 mV) 

with sweeping through the frequency range of interest (e.g., 100 Hz-1 MHz). The obtained 

impedance is used to extract the capacitance using[39]: 

 
𝐶∗ =

1

𝑗𝜔𝑍∗
=  

−𝑍"

𝜔|𝑍|2
+  𝑗

−𝑍′

𝜔|𝑍|2
 1. 6 

  

where j2 = –1 and Z* is defined as the impedance complex function indicating impedance value 

at a particular frequency. Then the dielectric function is derived from: 

 
𝜀𝑟

"(𝜔) =
𝐶∗(𝜔)

𝐶0
= 𝜀𝑟

′ − 𝑗𝜀𝑟
"  1. 7 

  

where C0 = ε0A/d is the capacitance of the empty capacitor, ε0 = 8.85 × 10−12 F m−1 is the 

electric permittivity of vacuum, A is the area and d is the thickness. The real part of the 

dielectric function corresponds to the relative dielectric constant, εr, of the material, while the 

imaginary part encompasses loss mechanisms such as conductance and relaxation processes. 

In order to correlate the dielectric constant with the real device performance, the timescales 

associated with recombination (tens of microseconds) in OSCs are considered which fall in the 

kHz to MHz frequency range.[40] In addition, a negative bias is often applied to minimize the 

impact of injected charge carries through injection.[41]  
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1.3.8 Built-in potential via Mott-Schottky analysis 

In OSCs, wherein, the exciton diffusion lengths and carrier mobilities are limited, a strong 

built‐in electric field across the active layer is required to enhance the charge extraction rate 

and decrease the recombination rate.[42] This built‐in potential Vbi (or contact potential) 

originates primarily due to the work function difference between the anode and cathode 

contact[42] and the presence of dipole at the contacts.[43] 

In organic diodes and solar cells, where the active layers are typically sandwiched between 

two selective (and usually different) metal electrodes, the work function difference of the 

electrodes determines Vbi, which in turn determines the J-V characteristic of the device. The 

internal electric field, charge concentration profiles, VOC and hence PCE depends on Vbi. In 

most cases, the maximum VOC  achievable is also limited by Vbi. It should also be noted that 

because of charges injected from the contacts near the interface (between contact and active 

layer), the apparent Vbi is generally lower than the actual Vbi.
[44] Kirchartz et al.[45] suggested 

that in cases where recombination is only determined by recombination at the internal D:A 

interface and not at the contacts, the VOC need not depend on the Vbi, while the FF drops 

significantly once the Vbi drops below the open-circuit voltage. This theory was recently 

supported by Duan et al.[46], where, for the same type of device, the decrease in Vbi led to 

inefficient device operation with lower VOC. Han et al.[47] found that the inverted configuration 

nonfullerene OSCs had a higher built-in potential, compared with a normal OSC prepared 

using the same blend system, which was favorable for achieving reduced recombination and 

enhanced charge extraction. Vasilopoulou et al.[43] proposed that an enhanced exciton 

dissociation can be achieved upon increasing the device's built-in field (due to shift of the work 

function).[43] 

Upama et al.[48] suggested that very high annealing temperature (above the optimum annealing 

temperature) could induce disorder at the surface (localized states) of the active layer resulting 

in lower built-in-potential and thus lower FF and poor Voc. 

Guerrero et al.[49] studied the coverage of cathode contact with the acceptor molecule 

(PC70BM) in PTB7:PC70BM based device. The effect on Vbi and VOC was evident: Voc 

changes from 0.72 V for the optimum device with DIO additive to 0.78 V (JSC = 14.28 mA cm-
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2; FF = 0.69; PCE = 6.69%) in the under-optimized device (without the additive). Meanwhile, 

Vbi values changed from 0.673 V to 1.00 V, respectively. Therefore, the change in Vbi can be 

used as a tool to investigate the change in donor/acceptor coverage of the contacts (since the 

strength of the dipole and the band bending contribution will greatly depend on the material 

which is physically present at the interface). The device with 100% fullerene coverage  (with 

D:A ratio 1:6) of the cathode contact corresponded to a Vbi of 0.52 V, while that with ~0% 

coverage corresponded to Vbi of 1.30 V. The best performance was seen in a device with 80% 

fullerene coverage with Vbi = 0.673 V. 

In this thesis, Vbi change would be measured to account for the change in VOC and FF of the 

studied OSCs, due to changes at the blend active layer/contact interface, thereby excluding the 

effects from the dielectric constant changes.   

Mott-Schottky plot can be used to extract this built-in potential. In the Mott-Schottky plot (C–

2-V plot), Vbi corresponds to the intercept with the voltage axis.[42]  

1.3.9 Surface energy and miscibility analysis 

Flory−Huggins interaction parameter (χ) can predict the morphology evolution in the 

active layer.[31] An ideal morphology is neither too pure (leading to low PL quenching of 

donor and acceptor in blends or low photoinduced charge transfer) nor too mixed (leading to 

low charge mobilities). The parameter χ can be calculated by the differential scanning 

calorimetry (DSC) measurements (melting point depression method) or surface energy 

measurement of donor and acceptor.[31,34,35,50–52] In the surface energy (surface tension) 

method, a simple relation can be used to probe the relative miscibility of a system of 

donor and acceptor[53]:  

 

𝜒 ∝ (√γ
𝑑𝑜𝑛𝑜𝑟

−  √γ
𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟  

)

2

 
1. 8 

   

 

Moreover, the surface tension of the donor and acceptor films can be calculated by Wu’s 

model[54]: 
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𝛾𝑤𝑎𝑡𝑒𝑟 (1 + 𝑐𝑜𝑠𝜃𝑤𝑎𝑡𝑒𝑟) =  

4𝛾𝑤𝑎𝑡𝑒𝑟
𝑑  𝛾𝑑

𝛾𝑤𝑎𝑡𝑒𝑟
𝑑 +   𝛾𝑑

+ 
4𝛾𝑤𝑎𝑡𝑒𝑟

𝑝 𝛾𝑝

𝛾𝑤𝑎𝑡𝑒𝑟
𝑝 +  𝛾𝑝

 1. 9 

 

  

 
𝛾𝐺𝐿 (1 + 𝑐𝑜𝑠𝜃𝐺𝐿) =  

4𝛾𝐺𝐿
𝑑 + 𝛾𝑑

𝛾𝐺𝐿
𝑑 +   𝛾𝑑

+ 
4𝛾𝐺𝐿

𝑝  𝛾𝑝

𝛾𝐺𝐿
𝑝 +   𝛾𝑝

 1. 10 

  𝛾 =  𝛾𝑑 + 𝛾𝑝 1. 11 

where θ is the contact angle of each thin film, and γ is the surface tension of samples, which 

is equal to the sum of the dispersion (γd) and polarity (γp) components; γwater  and γGL  are 

the surface tensions of the water and glycerol (sometimes other liquids such as ethylene glycol 

EG can be used); and γwater
d , γGL

d , γwater
p

, and γGL
p

 are the dispersion and polarity components 

of γwater and γGL .  

1.4 Desirable properties of active layer materials 

 

 

Figure 5 Chemical structures of donors (top row) and non-fullerene acceptors 

(bottom row), studied in this thesis. 
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1.4.1 Matching of properties with the acceptor 

Apart from complementary absorption spectra (determined from the optical band gaps) of 

donor and acceptor to maximize the photon absorption, a suitable relative energy alignment 

between donor and acceptor, is another key criterion for selecting a particular combination of 

donor and acceptor. For example, from the relative alignments for the polymer donors and 

acceptors are shown in Figure 6 and Table 1, to achieve sufficient HOMO offsets between 

the donor and acceptors, some combinations can be predicted to be less efficient than the other. 

PBDTThF-TA:ITIC combination has a HOMO= 0.01 eV, which might lead to low PLQE, 

although there are a few D:A systems that work without any offsets.[55,56] 

 

Table 1 Optoelectronic properties of materials used in OSC active layer. 

 Eg
opt (eV)a EHOMO (eV)b ELUMO (eV)c 

Donors 

P3HT 1.85 -5.05 -3.20 

PCE-10 1.58 -5.48 -3.90 

PTOBDT 2.03 -5.60 -3.57 

PBDTTh-TA 2.00 -5.50 -3.50 

PBDTTh-TC 2.03 -5.60 -3.57 

PBDTThF-TA 2.02 -5.70 -3.68 

Acceptors 

 Eg
opt (eV)a EHOMO (eV)b ELUMO (eV)d 

ITIC 1.59 -5.71 -3.98 
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IT-4F 1.52 -5.79 -4.13 

Y6 1.33 -5.76 -4.11 

a Obtained from thin film absorption spectra; b obtained by EHOMO = −(4.80 + 𝐸𝑜𝑛𝑠𝑒𝑡
ox); c 

obtained by ELUMO = EHOMO + Eg
opt; d obtained from ELUMO = −(4.80 + 𝐸𝑜𝑛𝑠𝑒𝑡

red). 
 

It was an agreed knowledge based on experience with fullerene acceptor based OSCs for a 

long time that a sufficient energy level offset of ≥ 0.3 eV between donor and acceptor 

(ΔHOMO or ΔLUMO), is required for efficient charge separation.[14,57–61] This is due to the 

nature of organic semiconductors that typically have much larger exciton binding energies 

(~0.3-1 eV) than inorganic semiconductors. However, with the rise of NFAs, several works 

have demonstrated highly efficient OSCs with efficient and fast charge separation at ΔHOMO 

(and/or ΔLUMO) values close to 0 eV.[62–65] It should be emphasized that in the majority 

of the systems, a “certain minimum” driving force is required for balancing the exciton 

dissociation probability and VOC loss.[55] A larger ΔHOMO, accordingly, can provide 

sufficient driving force for higher exciton dissociation probability (Pdiss) and PCE. Although 

minimizing ΔHOMO can effectively reduce the Eloss (Eloss = eVloss = Eg/q – VOC; where Eg 

corresponds to the lowest bandgap in the blend), the decreasing driving force will diminish the 

exciton dissociation process since VOC  is proportional to the difference between LUMO of the 

acceptor and HOMO of the donor.  

In summary, some D:A systems work well even with ΔHOMO  offsets and some require a 

certain minimum, and therefore, in cases with low offsets (low driving force for charge 

separation), the performance of the device will depend on the specific materials used in the 

D:A blend. 
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1.4.2 Donor material properties for a matching D:A combination 

1.4.2.1 High dielectric constant 

The active layer materials with large dielectric constants in the range of silicon (~12) or 

perovskites (>20) can reduce the exciton binding energy (Eb; defined later), to enable highly 

efficient exciton dissociation.[14,66–68] The largely reduced exciton binding energy would 

require very small energy level offsets (ΔHOMO and ΔLUMO) for exciton dissociation, which 

could greatly reduce the energy loss and thus achieve a higher VOC. In the ideal case a single 

component-organic solar cells device, where the polymer in the active layer has both donor 

and acceptor components, could greatly simplify the device fabrication process and achieve 

high morphological stability.[40] Jiang et al.[69], used this concept to achieve a record PCE of 

8.40% in SC-OSC using a double-cable conjugated polymer. 

Rule of mixtures for blend dielectric constant: 

Rule of mixture is a simple model to predict the properties of a composite by calculating the 

weighted mean of the properties of the component materials. This rule can be applied here to 

Figure 6 Relative frontier molecular energy level alignment of 

polymer donor and NFAs, discussed in this work. 
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calculate blend dielectric constant (εblend) from the dielectric constants of component materials 

according to the following relation[41]: 

 
(

𝑓

𝜀𝐷
+

1 − 𝑓

𝜀𝐴
)

−1

 ≤  𝜀𝑏𝑙𝑒𝑛𝑑  ≤ 𝑓𝜀𝐷 + (1 − 𝐹)𝜀𝐴 1. 12 

     

At the same time, the processes used for optimizing the active layer morphology also affect 

the material mixing, crystallinity, domain size, etc. These changes might reflect as the change 

in the relative permittivity.  

1.4.2.2 Low exciton binding energy 

After the absorption of a photon, the conjugated polymer generates a singlet excited state in 

which the electron and hole are bound by a strong Coulomb attraction: a singlet exciton. The 

Coulomb interaction is reflected as high binding energy for the exciton (Eb), which is greater 

than the thermal energy kBT (~26 meV). For an efficient device performance, the 

photogenerated exciton should diffuse to the donor/acceptor interface (within the exciton 

diffusion length of ~20 nm)[14] so that exciton dissociation can occur. The dissociation of 

exciton would be easier if the Eb is lower.  

1.4.2.3 High SCLC mobility 

For efficient charge extraction capability in OSC devices (and reducing recombination and FF 

loss), high mobilities of both holes and electrons are crucial. As per a review of high-

performance systems, blend carrier mobilities more than 10-4 cm2 V−1 s−1 can achieve a 

reasonable FF of >70%. To achieve such moderate to high mobilities in the device, the polymer 

donor is preferred to have a planar backbone with moderate aggregation capability, 

predominantly face-on orientation, and covalent and noncovalent backbone rigidification 

induced by strategies such as fluorination[70], and/or side-chain modification[52,71]. Therefore, 

while modifying the properties of active layer material for increasing the dielectric constant 

and thus decreasing the singlet exciton binding energy Eb (and the charge transfer binding 

energy Eb
CT which is discussed in subsequent sections), the neat film SCLC mobility values 
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should be maintained (in the order of 10-4  cm2 V-1 s-1). The neat film SCLC mobilities of the 

donor and acceptors discussed in this thesis are listed in Table 2. All these materials have 

reasonable SCLC mobilities and therefore, the charge transport limitation in the blends can be 

expected to be low (although, unfavorable, too-mixed blend morphology in BHJ active layer 

can limit either or both electron and hole mobilities). 

Table 2 Neat film SCLC mobilities of donor and acceptor materials. 

Donor μ
hole 

[× 10
-4

 cm
2 
V

-1 
s

-1
] 

PTOBDT 3.64 ± 1.03 

PBDTTh-TA  2.00 ± 0.94 

PBDTThF-TA 0.90  ± 0.07 

PCE-10 5.86 ± 0.64 

P3HT 2.12 ± 0.27 

Acceptor μ
electron 

[× 10
-4

 cm
2 
V

-1 
s

-1
] 

ITIC 1.60a 

IT-4F 5.75b 

Y6 6.2b 

a  taken from [72]; b and c  taken from [73] 

 

1.5 Exciton binding energy and dielectric properties of polymer donors 

In organic semiconductors, the absorption of photon means an excitation from the ground state 

(S0) to the first excited singlet state (S1) creating a singlet exciton with some specific binding 

energy (Eb ) of 0.5-1.0 eV.[74] 

Exciton binding energy is defined as the difference between the transport gap and the optical 

band gap: 
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 𝐸𝑏 = 𝐸𝑔
𝑡 −  𝐸𝑔

𝑜𝑝𝑡
 1. 13 

   

In the above equation, the optical band gap Eg
opt

 is the energy of the optically allowed first 

singlet state (S1). The transport gap, Eg
t  is generally defined as the difference between the 

ionization potential (IP) and electron affinity (EA) and is related to the delocalized states. Eg
opt

 

can be determined experimentally from the absorption edge or at the intersection of absorption 

and emission spectrum.[28,75] The IP and EA can be measured by ultraviolet photoelectron 

spectroscopy (UPS) and inverse photoemission spectroscopy (IPES), respectively. 

Alternatively, the IP and EA values are usually measured by the more accessible cyclic 

voltammetry. However, for IPES, an ultrahigh vacuum (10−9 Torr) is needed which limits its 

widespread application. The electrochemical cyclic voltammetry (CV) directly injects charges 

into the LUMO and HOMO levels of solid-state films, providing an approximate measure of 

the transport gap energy. Although a simple and easily accessible method, CV values, so 

obtained, are consistently smaller than those obtained by photoemission and are also dependent 

on the experimental setup which means a large variation in HOMO/LUMO values can be found 

in the literature for the same material.[28,76,77]. At the same time, several polymer materials do 

not show a reduction potential in CV and Eg
t  can not be accessed in such cases. 

Recently, a simple and reliable method to obtain optical and transport gap energies for polymer 

donors, in a diode structure has been reported by Li et al.[76] which measures the Eb directly. 

This simple method is based on previous reports[78–82] where Eb is determined by measuring 

the photoconductivity quantum efficiency (or EQE/IQE) as a function of the photon excitation 

energy (or wavelength), measured in a polymer photodiode with a sandwich configuration of 

a semitransparent indium-tin-oxide (ITO) bottom electrode, a thin polymer layer (~100 nm), 

and an aluminum (Al) top electrode.[78]. This method was used to calculate the Eb values for 

six neat polymer donor materials which will be discussed in the next chapter.  

Singlet vs charge transfer exciton binding energy: The singlet exciton formed upon 

absorption of light can dissociate either by a large applied electric field or at the interface with 
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another material with suitable energy offset, i.e., the donor-acceptor (D:A) interface.[14,74] For 

clarity, two types of exciton binding energies relevant to OSCs need to be differentiated. 

The (singlet) exciton binding energy, Eb
exc (or simply Eb, hereafter) can be defined as the 

potential energy difference between the neutral singlet exciton and the two fully dissociated, 

structurally relaxed charge carriers in the same material. It can be measured using equation 

1.14.  In contrast, charge-transfer-state binding energy, Eb
CT represents the potential energy 

difference between the thermally relaxed, nearest neighbor charge-transfer state at the 

donor/acceptor interface and the two fully dissociated, structurally relaxed charge carriers in 

the donor and acceptor materials. The two types of binding energies can be visualized in Figure 

7 (adapted from Muntwiler et al.[74] and Tracey M. Clarke and James R. Durrant[14]).  

 

 

 

 

Figure 7 a) Energy level diagram of a donor/acceptor interface showing 

photoexcitation of an electron into the donor LUMO and electron transfer into the 

acceptor LUMO and migration of the separated charges away from the interface. 

(b) Visualization of typical binding energies for the exciton and CT states, 

EB
exc and EB

CT, respectively). Adapted from Muntwiler et al.[74] and Tracey M. 

Clarke and James R. Durrant.[14]  
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1.5.1 Influence of dielectric constant (εr) on Eb  

Van der Horst et al.[83] did a theoretical calculation to show that the Eb in poly(p-phenylene 

vinylene) is of the form: 

 
𝐸𝑏(𝜀𝑟) =  

𝑐

𝜀𝑟
2
 1. 14 

  

where c is a constant and εr is the dielectric constant. In several other reports,[14,84,85]  the exciton 

binding energy and the dielectric constant of the material follows the following relation: 

 
𝐸𝑏= 

𝑒2

4πε0εrr
 1. 15 

    

where e is the elementary charge, ε0 is the permittivity of vacuum, and r is the electron and 

hole separation distance.  

From both the relations, it is obvious that increasing the dielectric constant should be the main 

approach towards decreasing Eb. Several methods have been proposed to increase the dielectric 

constant of the donor and acceptor materials: modifying side chains,[40] fluorination, etc.[86–88] 

For example, Xu et al.[86] showed that the fluorination can effectively increase the dielectric 

constant of naphthalene diimide (NDI)-based polymer acceptor by ~14% (from ~3.7 to 4.2). 

1.5.2 Influence of Eb and εr on OSC device performance 

A high dielectric constant (1) reduces the exciton binding energy; (2) reduces the Coulomb 

attraction within the CT exciton; (3) reduces geminate recombination back to the CT state; (3) 

reduces bimolecular and trap‐assisted recombination; and (4) reduces space‐charge 

effects.[14,74,89–91] An OSC based on high dielectric constant material, thus has the potential to 

reach the PCEs similar to that in inorganic solar cell materials.[90] Ibrahim et al.[89] put out a 

theory that if the dielectric constant of the active layer material can be increased significantly 

(to around 8 or higher), it is then possible that the mobility of the active material need not be 
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improved (from the current average values in the order of 10-4 cm2 V-1 s-1 ) in order to achieve 

the maximum efficiency. Moreover, the maximum achievable VOC, while talking into account 

the CT exciton binding energy, can be expressed as[85]: 

 
𝑉𝑂𝐶

𝑚𝑎𝑥 = 𝐼𝑃𝐷 − 𝐸𝐴𝐴 −
𝑒2

4𝜋𝜀0𝜀𝑟𝑟𝐷𝐴
 1. 16 

  

where ε0 is the vacuum permittivity, εr is the relative dielectric constant of the bulk organic 

material, and rDA is the initial separation in the charge transfer state.  

Veldman et al.[25] found that the VOC of an organic solar also depends on the dielectric constant 

of the blend: the charge transfer energy is reduced (charge transfer state shifts to a lower value) 

with an increase in dielectric constant, effectively reducing the VOC  of the device. On the other 

hand, Collins et al.[24], showed that the dielectric constant of several materials had an inverse 

relationship to the voltage losses measured. Thus, an increase in VOC was attributed to reduced 

charge‐carrier recombination losses. However, they put a condition that the energetic disorder 

should not be increased to increase the dielectric constant. 

Duan et al.[87] showed that optimally annealed devices showed the largest dielectric constant 

(13.11 vs 6.35 for 80°C-annealed vs fresh devices, respectively) inducing more efficient charge 

separation. They proposed that thermal annealing can tune the dielectric property and reduce 

the energetic disorder for PffBT4T-2OD donor-based devices.  

Zhang et al.[92] used a fluorinated PBDBT-2F donor and fluorinated IT-4F acceptor which 

enhanced the dielectric constant in the blend film (as compared to that with a non-fluorinated 

ITIC acceptor). Consequently, PBDBT-2F:IT-4F-based device obtained higher FF, while 

higher JSC and lower VOC  can be attributed to the lower-lying LUMOA and lower bandgap of 

IT-4F. The enhancement in FF was studied in detail, and a lower geminate and non-geminate 

(bi-molecular) recombination was found, attributing it to enhanced dielectric constant. 

However, the impacts of fluorination on the dielectric properties and the key processes of 

charge dissociation and recombination need investigation since they are poorly understood and 

not often discussed in depth.[86] Another reason is to explore this topic is the observation that 
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increasing the dielectric constant (dipole moment) of a polymer would not always result in 

better solar cell performance; for example, adding polar groups in order to increase the dipole 

moment might also lead to unwanted trapping centers within the molecule, thus increasing 

recombination.[93]  

1.6 Aim and scope of this thesis 

The objective of this thesis is to understand (a) the effect of molecular structure on dielectric 

constant and the relation of dielectric constant with the exciton binding energy, of neat polymer 

donors, and (b) the effect of processing conditions and polymer donor dielectric constant on 

the dielectric constant of donor:NFA blend in the OSC devices.   

In Chapter 2, the influence of the dielectric constant on the singlet exciton binding energy (Eb) 

will be studied. The effect of increasing dipole moment (for example by adding fluorine atom 

on the backbone) will also be discussed.  

In Chapter 3, the influence of processing conditions (thermal annealing and DIO additive 

addition) and dielectric constant of donor (and NFA used as the acceptor in the blend) materials 

on the dielectric constant of the blends will be explored in relation to the observed device 

performance.  

Finally, a summary of the observations for a better understanding of the influence of dielectric 

constant on OSC device performance will be provided.  
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Chapter 2 

Influence of dielectric constant on exciton binding energy of donor 

polymers 

2.1 Introduction 

A bound pair of an electron and a hole is produced upon photo-absorption which then 

dissociates at the donor:acceptor interface in OSC devices. In an efficient OSC device, the 

geminate electron and hole should avoid mutual recombination, so that they can become free 

charge carriers and contribute to the generated photocurrent. It is generally expected that 

increasing the dielectric constant (εr) of the polymer donor effectively lowers the exciton 

binding energy (Eb) (according to equations 1.14 and 1.15 and thus, helps reduce geminate 

recombination (recombination of electron-hole from the same material before separation) 

losses in the organic solar cells. 

In this chapter, the exciton binding energies, and dielectric constants of six polymer donors are 

measured and the relationship between the two parameters is studied. At the same time, the 

effect of molecular structure on these two properties is also discussed. 

2.2 Experimental Section 

2.2.1 Materials 

The synthesis and characterization (NMR spectra, elemental analysis, GPC analysis, 

electrochemical analysis, etc.) of all intermediates and polymers were done by our group. 

P3HT and PTOBDT polymer were synthesized by Dr. Keqiang He, and PBDTTh-TA, 

PBDTTh-TC, and PBDTThF-TA were synthesized by Yi Yuan and the relevant manuscripts 

detailing synthesis will be published later in 2021. All the other active layer materials: PCE-

10, ITIC, IT-4F, and Y6 were procured from 1-Material. The molecular weights are listed in 

Table 3. 
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Table 3 Molecular weights of the studies polymer donors.  

Polymer Mn (kDa) Mw (kDa) Ð 

PBDTTh-TA 27.4 47.6 1.7 

PBDTTh-TC 66.1 17.2 2.6 

PBDTThF-TA* - - - 

PTOBDT 109.5 195.8 1.8 

PCE-10 76.0 190.0 2.5 

P3HT 56.6 33.1 1.7 

*under acquisition and will be published along with synthesis related information by 

our group. 

 

2.2.2 Fabrication and characterization of ITO/polymer/Al diodes 

 

The diodes for EQE and capacitance-frequency measurements were fabricated in a structure 

of ITO/active layer (~80-100 nm)/Al (100 nm) (Figure 8) ). ITO glass substrates were 

ultrasonicated for 20 min sequentially in de-ionized water, acetone, and isopropanol, 

Figure 8 Device structure and energy levels in the device for 

EQE and impedance measurement. 
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respectively. Then the substrates were treated with plasma for 15 mins. The substrates were 

transferred to a nitrogen-filled glove box, where the polymer blend layer (~100 nm) was spin-

coated onto ITO with the optimized RPMs. The solutions were stirred at 50 °C for 3 h before 

coating. After that, the active layers were thermal annealed at 100 °C for 10 min before being 

transferred into a vacuum chamber. Finally, at P ≈ 5.0 × 10-6 Pa, a layer of Al (100 nm) 

electrode was coated onto the substrate. The active area is 0.0574 cm2. The EQE of the devices 

was measured using an ORIEL IQE200B system by Newport. Capacitance-frequency 

measurements were done on BioLogic VSP in the frequency range 100 Hz – 1 MHz, in dark. 

Thicknesses were measured using a profilometer (Alpha Step D500 from KLA), taking an 

average of four spots on each of the substrates to minimize the error from non-uniformity of 

the coated film (5-10%).    

2.2.3 DFT calculation of charge distribution and dipole moment 

Density functional theory (DFT) calculations were carried out by using Gaussian 09 with a 

hybrid B3LYP correlation functional and 6-31G (d) basis set to estimate the magnitude and 

direction of changes to the permanent dipole upon molecular structure changes.   

2.3 Results 

Diode structure ITO/polymer/Al was used to measure the EQE of the neat polymer device. The 

exciton binding energies estimated from the primary and secondary onset energy difference 

(according to the method reported by Li et al.[76]) of six polymer donors are listed in Table 4, 

while the EQE spectrum is shown in Figure 9. The EQE values are quite low for all the 

polymers since these polymers have higher hole mobilities than the electron mobilities, 

creating an imbalance in the charge transport. All the polymers show two distinct onsets and a 

plateau region in between: the first excitation energy is equal to the Eg
opt of the polymer. The 

plateau region corresponds to the first excitation state (S1) and its vibrational levels.[76] The 

second onset is characterized by a large enhancement in the EQE which is independent of the 

absorption profile, confirmed earlier by Li et al.[76] This onset is attributed to the dissociated 

charges, thus giving access to the delocalized state (transport level, Eg
t ).[79,80] The Eb values are 

then calculated from the difference between these two onsets.  
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P3HT has the highest exciton binding energy (0.70 eV, similar to the reference[76]) among these 

polymers. “Push-pull” polymers have larger dipole moment and thus generally lower Eb. The 

smallest Eb (0.41 eV) was obtained for PBDTTh-TA polymer donor, while the commercial 

polymer PCE-10 showed Eb of 0.685 eV. 

Dielectric constants were calculated in the same EQE devices, in the frequency range 100 Hz-

1 MHz and the values obtained at 10 kHz frequency, are listed in Table 4, while the frequency 

dependency is shown in Figure 10. An inverse relation between Eb and dielectric constant (as 

suggested by equations 1.14 and 1.15), does not seem to hold for this list of polymers and 

therefore a linear relationship (Coulomb’s law) could not be found in the Eb vs 1/dielectric 

constant plot in Figure 11 (neither in Eb vs 1/dielectric2). One reason for this observation could 

be the different effective conjugation lengths for different polymer materials in thin solid films 

due to different packing behaviors. For example, Knupfer[94] found that the previously reported 

values for the exciton binding energies in many organic materials differed from the measured 

values by more than an order of magnitude, which he rationalized with a simple dependence 

of the exciton binding energy on the length of the molecular units. Since these polymers are 

relatively amorphous, synchrotron-based grazing angle wide-angle measurements (GIWAXS) 

can be used to obtain information about the packing behaviors of crystallites.[95–97] 

Table 4 Exciton binding energy of neat polymer films calculated using the EQE method. 

Polymer Exciton binding energy, Eb  (eV) Dielectric constant, ε 

PBDTTh-TA 0.415 ± 0.057   3.78 ± 0.06  

PBDTTh-TC 0.430 ± 0.036 3.55 ± 0.21 

PBDTThF-TA 0.672 ± 0.011 4.72 ± 0.43 

PTOBDT 0.452 ± 0.060 4.21 ± 0.33 

P3HT 0.702 ± 0.046 3.72 ± 0.17 

PCE-10 0.685 ± 0.005 4.05 ± 0.11 

*All the values presented in the table are the average and standard deviation of at 

least four diodes. 
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Figure 9 EQE spectra of neat polymer films showing primary and secondary onsets. 
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Figure 11 Exciton binding energies of the photovoltaic polymers 

determined by EQE versus the inverse of dielectric constant of the 

polymers measure at 10 kHz. 

Figure 10 Dielectric constant of donor polymers. 
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Dipole moment vs polarity of donor monomers: 

Dipole moment (based on charge distribution/polarity in the ground state) was calculated using 

DFT via Gaussian 9. The dipole moment in Gaussian is defined with respect to the center of 

the positive charge. The dipole moment calculation can be an effective way to predict the 

dielectric constant variation in similar molecules along with the net dipole direction with 

respect to the backbone plane (as shown in Figure 12).  

 

 

 

In OSCs where the charge transport takes place in the vertical direction, the donor polymers 

should arrange preferentially in π-π stacking. In this case, the backbone of the polymer should 

align in-plane with the substrate. Therefore, if the net dipole moments (shown using arrows in 

Figure 12) point away from the plane of the backbone (preferable perpendicular to the 

substrate), the effective dielectric contribution will be higher for the vertical charge transport.  

Figure 12 Simplified chemical structure for DFT calculation: (a) PBDTTh-TA, (b) 

PBDTThF-TA, and (c) P3HT. Net dipole moment calculated using DFT: (c) PBDTTh-TA, 

(d) PBDTThF-TA, and (e) P3HT. Blue arrow shows the direction of dipole moment. In P3HT 

the dipole moment vector is on plane of the thiophene ring.  
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Table 5 Dipole moment and dielectric constant. 

  ε
r

1

 Net Dipole 

(Debye) 

 

PBDTTh-TA 3.78 ± 0.07 1.1550  

PBDTThF-TA 4.72 ± 0.43 1.3031  

P3HT 3.72 ± 0.17  0.3364  

1
 Average and the standard deviation is taken from at least 4 devices 

 

 

From the dipole moments and dielectric constant values in Table 5, fluorination can effectively 

increase the dielectric constant, and that the “push-pull” polymers, generally have a higher 

polar character and higher dielectric constant than homopolymers like P3HT. But while 

increasing dielectric constant, the SCLC mobility of fluorinated polymer (PBDTThF-TA) 

decreased slightly from 2.0 × 10-4  to 0.90 × 10-4  cm-2 V-1 s-1 (Table 2). This trade-off and its 

adverse impact (if any) will be analyzed in OSCs based on these two polymers (in Section 3.4). 

 

2.4 Summary and conclusions  

In summary, the measured Eb values of the polymers synthesized in our lab have lower exciton 

binding energy than those of commercial polymers (P3HT and PCE-10). Therefore, one can 

expect better performances from these polymers since the mobility values are also in the same 

order (~10-4 cm2 V-1 s-1).  

Fluorinated polymer PBDTThF-TA has a higher dielectric constant than the non-fluorinated 

counterpart PBDTTh-TA, confirming the contributions from increased dipole moment due to 

F atom. However, contrary to the general assumption, the Eb did not decrease by increasing 

the dielectric constant. This observation is significant since simply increasing the polarity to 

increase the dielectric constant would not necessarily decrease the Eb. In addition, adding F in 
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the backbone decreased the hole mobility, therefore, the net effect of an increase in dielectric 

constant for this polymer might not prove beneficial.  

It is important to emphasize that the dielectric constants calculated for these polymers represent 

the average of the dipole moments in the direction perpendicular to the substrate along the 

thickness direction (~100 nm). In reality, the exciton formation is an intramolecular process, 

and therefore the bulk dielectric constant might not correlate directly with the exciton binding 

energy.  

The dipole moment of the monomer of PBDTTh-TA was lower than that of the fluorinated 

polymer PBDTThF-TA, which still does not establish an inverse relationship between dipole 

moment and Eb. A possible variable that needs to be taken into account is the dipole moment 

of the excited states. The dipole moment calculations in this chapter were done in the ground 

state, while the Eb calculation (EQE measurement) involves an excited state in the formation 

of exciton and subsequent separation into free electrons and holes. The excited-state dipole 

moments would more closely represent the polarization that the exciton experiences. When the 

difference between the ground and the excited state dipole moment increases enough, the 

excitons can even “pre-separate”, thus lowering the effective Coulomb binding energy as 

suggested by Carsten et al.[93,98] 

Furthermore, in order to increase the accuracy of dipole moment calculation, multiple repeat 

units of monomers should be simulated which can provide information regarding loss/increase 

in symmetry with multiple units, which can effectively influence the local dipole moments.  
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Chapter 3 

Dielectric constant of blends in organic solar cells   

3.1 Introduction  

In a bulk heterojunction (BHJ) structure, the donor and acceptor materials are blended in a 

common solvent, which achieves a sufficiently mixed morphology to maximize the interfacial 

area, while maintaining percolation paths to the respective contacts, for the electrons and holes 

in the acceptor and donor domains, respectively. Therefore, the morphology optimization 

methods aim to achieve high average domain purity and highly ordered packing of both donor 

and acceptor to minimize charge recombination in the OSCs.[99] Thermal annealing and 

processing solvent additives[100] are well-known blend morphology optimization methods. The 

nanoscale phase separation (or miscibility) in the blend also depends on the characteristics of 

the constituent materials along with the specific processing conditions. These variations in the 

processing conditions and material properties reflect in domain size, domain purity, domain 

crystallinity, and intermixing of donor and acceptor in blend active layer; these variations 

impact the overall performance directly. Although BHJ solar performs better than bilayer (with 

donor/acceptor material coated separately), the prediction and characterization of several 

important parameters become complicated because the blend would have very different 

properties than the individual components. 

In 1.5.2, it was argued that the dielectric constant of the blend is of paramount importance, 

since it determines the extent of recombination in the device, thus affecting both FF and VOC 

of the device. Also, the dielectric constant of the blend depends on both processing conditions 

and the properties of the donor/acceptor as reported elsewhere[48,86,92,98,101–103].  

In this part of the thesis, the effects of processing conditions and the dielectric constants of the 

donors (in combination with NFA acceptors) on the dielectric constants of the blends have 

been studied. The effect of the dielectric constant will be mainly visible on the FF and VOC of 

the devices (as discussed in 1.5). Therefore, in order to differentiate the effect of dielectric 

constant from other device parameters which also affect VOC and FF (such as active 
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layer/contact interfaces, energy level alignments, and mobilities, etc.), have also been studied 

to provide a complete picture of the device performance.  

This chapter is divided into two parts: Part I concerns the effects of annealing and additive 

addition, while in Part II, the effects of material design (fluorination) are investigated. 

3.2 Experimental section 

3.2.1 Fabrication and characterization of organic solar cells 

The following device structure (Figure 13) was used for organic solar cell devices and 

impedance measurements.  

 

 

 

The OSC devices were fabricated in an inverted structure of ITO/ZnO (40 nm)/active 

layer/MoOx (10 nm)/Ag (100 nm). ITO glass substrates were ultrasonicated for 20 min 

sequentially in de-ionized water, acetone, and isopropanol, respectively. The ZnO precursor 

was prepared by mixing Zinc acetate (197 mg), Ethanolamine (54 µl), and 2-methoxyethanol 

(2 ml). After stirring vigorously at RT overnight, the solution was filtered through a 0.45 µm 

PTFE syringe filter. Then the substrates were treated with plasma for 15 mins. A thin layer of 

Figure 13 Device structure used in OSC devices. 
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ZnO was deposited through the spin coating at 3500 rpm for 60 s and annealed at 200 ℃ for 1 

h in the air. The substrates were transferred to a nitrogen-filled glove box, where the D/A blend 

layer (~ 100 nm) was spin-coated onto the ZnO layer with the optimized RPMs. The D:A 

blends were dissolved in CF (and CF + 1% v/v DIO) and the weight ratio is 1:1.2 with a total 

concentration of 16 mg/mL in the glove box for PTOBDT:Y6 blends. For the blends based on 

donors PBDTTh-TA and PBDTThF-TA and NFAs ITIC and IT-4F, o-DCB was used as the 

solvent in the weight ratio of 1:1 (D:A) with a total concentration of 40 mg mL-1. The solutions 

were stirred at 50 °C for 3 h for CF-based blends and at 80 °C overnight for o-DCB based 

solutions. After spin coating, the active layers were thermal annealed at specific temperatures 

for 10 min before transferring into a vacuum chamber. Finally, at P ≈ 5.0 × 10-6 Pa inside a 

thermal evaporator (Model: Covap, Angstrom Engineering), a thin layer of MoOx (10 nm) and 

a layer of Ag (100 nm) were both deposited onto the active layer. The active area is 0.0574 

cm2. The current density-voltage (J-V) characteristics of the devices were measured on an 

Agilent B2912A Semiconductor Analyzer with a Science Tech SLB300-A Solar Simulator. A 

450 W xenon lamp and an air mass (AM) 1.5G filter were used with the light source. EQE was 

measured using ORIEL IQE200B from Newport. 

3.2.2 PL quenching 

Photoluminescence spectra were recorded on Horiba PTI QuantaMasterTM 8000 Series 

Fluorimeter. Neat and blends films were prepared on ITO/ZnO substrates. PL quenching 

efficiency is defined as[104]: 

 

 
𝑃𝐿𝑄𝐸 = 1 −

𝑃𝐿𝑏𝑙𝑒𝑛𝑑

𝑃𝐿𝑛𝑒𝑎𝑡
 3. 1 

  

where PLblend and PLneat are the integral PL counts of blends and neat films, respectively. 

3.2.3 SCLC mobility 

The SCLC hole mobility is measured in hole-only devices, employing a device architecture of 

ITO/PEDOT:PSS (~30 nm)/active layer)/MoOx (10 nm)/Ag (100 nm), while the SCLC 
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electron mobility is measured using a device architecture ITO/ZnO (40 nm)/active layer/LiF 

(1 nm)/Al (100 nm). J-V curve obtained in dark is used to fit the following equation 1.5.  

3.2.4 AFM 

AFM images of the blend films coated on ITO/ZnO substrates were recorded on a Dimension 

3100 scanning probe microscope. 

3.2.5 Surface tension characterization 

Contact angles were measured using a high-resolution Canon DSLR camera and the edge 

detection/angle measurements were done using an image analysis software ImageJ®[105]
. Since 

the angles were measured manually, only one digit after decimal was taken to account for the 

limited precision. Neat films were coated on ITO/ZnO substrates and annealed at the same 

temperature as the device. The surface tension values were calculated using Wu’s model 

discussed in 1.3.9. 

3.2.6 Impedance analysis 

Capacitance-voltage curves were obtained at a frequency of 10 kHz with sweeping voltage 

from -2 to +2V at an AC perturbation of 10 mV on the BioLogic VSP potentiostat. Capacitance 

frequency curves were obtained for the frequency range 100 Hz-1 MHz, on the same system. 

Both measurements were done in dark.  
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3.3 Results and discussion: Part I- Effect of processing parameters on blend 

dielectric constant 

 

 

 

Figure 14 (a) Chemical structures of PTOBDT and Y6; (b) frontier energy levels of 

PTOBDT and Y6 thin films; UV-vis spectra of (c) PTOBDT and Y6 films (as cast 

and 130 °C annealed) and (d) blend films: with/without 1% v/v DIO additive of as 

cast (RT) and 130 °C-annealed films. Key: PTOBDT:Y6 blends with different 

processing conditions: ND-RT: without DIO and as cast; ND-130C: without DIO and 

annealed at 130 °C; D-RT: with DIO and as cast; D-130C: with DIO and annealed at 

130 °C. 
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The chemical structures, energy level alignment, and absorption spectrum of neat and blend 

films, of the donor polymer (PTOBDT) and non-fullerene acceptor (Y6) are shown in Figure 

14. A complementary absorption and sufficient HOMO and LUMO offsets can be seen in 

this particular donor:acceptor combination, which would lead to high performance in the BHJ 

solar cells.  

3.3.1 Photovoltaic performance 

 

 

 

OSCs with device structures of ITO/ZnO/PTOBDT:Y6/MoOx/Ag were fabricated. The active 

layers were processed at RT and 130°C for studying the effects of annealing temperature on 

the blend dielectric constant and thus on the photovoltaic performance of the solar cells. 

Furthermore, to study the effects of DIO, 1% v/v DIO was added to the CF solvent with the 

same annealing conditions. The thickness of the active layers was optimized and found to be 

100 ± 5 nm for all the solar cells. The corresponding photovoltaic parameters are shown in 

Table 6. 

Figure 15 (a) J-V curves and (b) Normalized EQE for PTOBDT:Y6 blends with/without 

annealing and DIO additive addition. 
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Table 6 Photovoltaic performance data of best PTOBDT:Y6 devices (average values are in 

parentheses). 

  Jsc [mA cm-2] Voc [V] FF PCE [%] Jsat  Pdis Pcoll 

Without additive 

ND-RT 22.15 (21.36) 0.91 

(0.905) 

0.56 

(0.565) 

11.19 

(10.91) 

24.87 89.14 66.59 

ND-130C 24.72 (23.81) 0.84 

(0.83) 

0.62 

(0.61) 

12.84 

(12.19) 

26.45 91.68 71.08 

With DIO additive  

D-RT 23.88 (22.16) 0.80 

(0.80) 

0.65 

(0.65) 

12.28 

(11.44) 

25.14 93.68 74.26 

D-130C 24.62 (24.34) 0.74 

(0.74) 

0.66 

(0.65) 

12.02 

(11.73) 

25.85 93.27 76.25 

Key: PTOBDT:Y6 blends with different processing conditions: ND-RT: without DIO and as 

cast; ND-130C: without DIO and annealed at 130 °C; D-RT: with DIO and as cast; D-130C: 

with DIO and annealed at 130 °C. 

 

The PTOBDT:Y6 devices with no DIO additive (ND), annealed at 130°C (ND-130C) 

demonstrated the highest PCE of 12.84%, while those without annealing showed a PCE of  

11.19%. FF improved upon annealing while VOC decreased. Both DIO additive based devices, 

without annealing (D-RT) and with annealing at 130°C (D-130C), showed improved FF 

compared to those without the additive. However, a significant drop was observed in the VOC, 

with PCEs of 12.28% for D-RT and 12.02% for D-130C.  
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Exciton dissociation, collection, and recombination: The trend of photocurrent 

density Jph (Jph = JL – JD, where JL is the current density under illumination and JD is the 

current density in dark) versus effective voltage (Veff = V-V0), gives insights into the 

charge generation and exciton dissociation characteristics of the device. Here V0 is 

called the compensation voltage or the voltage at which Jph = 0 and V is the applied 

voltage.[55,106] Jph reaches a saturation value (Jsat) with increasing Veff, which means that 

all the photogenerated excitons are dissociated into free carriers and collected by the 

electrodes with the assistance of large reverse bias. Thus, the exciton dissociation 

probability, defined as Pdiss = JSC/Jsat, reflects the efficiency of exciton dissociation, 

charge transport, and charge collection.[55] Devices with DIO additive (both D-RT and 

D-130C) showed slightly better exciton dissociation probabilities (Table 6), while the 

0.1 1

10

15

20

25

30

 PTOBDT:Y6 [ND-RT]

 PTOBDT:Y6 [ND-130C]

 PTOBDT:Y6 [D-RT]

 PTOBDT:Y6 [D-130C]J
p

h
 (

m
A

/c
m

2
)

V
eff

 (V)

Figure 16 Photocurrent vs Effective voltage plot for 

PTOBDT:Y6 devices. 
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charge collection probability (Pcoll) was slightly higher for the annealed device (D-

130C) consistent with the FF values. In devices without the DIO additive, improvement 

in both Pdiss and Pcoll was seen upon annealing, supporting the OSC performance with 

increased FF and JSC for the annealed device (ND-130C).  

In the blend absorption spectrum (shown in Figure 14d) and EQE spectrum (shown in 

Figure 15b) with DIO additive, a redshift of absorption (EQE) edge was seen (ND-

130C: 910 nm vs D-130C: 923 nm), suggesting an increase in crystallinity/packing of 

the acceptor domains (Figure 14d), since no redshift in donor peak positions were 

observed. This narrowing of effective bandgap can be one of the contributors to the VOC 

decrease in DIO additive based devices. Although this variation was ca. 0.03 eV, which 

cannot fully account for VOC difference (VOC) of 0.1 V with respect to the devices 

without DIO additive.  

 

 

 

 

 

 

 

Figure 17 PL quenching of PTOBDT:Y6 blend. Donor and acceptor were selectively 

excited at 550 nm and 800 nm, respectively. 
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Table 7 Effect of DIO addition and annealing temperature on PL quenching in PTOBDT:Y6 

blends. 

  PLQED [%] PLQEA [%] 

Without additive 

ND-RT >99.9% 97% 

ND-130C >99.9% >99.9% 

With DIO additive 

D-RT >99.9% >99.9% 

D-130C >99.9% >99.9% 

Key: PTOBDT:Y6 blends with different processing conditions: ND-RT: without DIO 

and as cast; ND-130C: without DIO and annealed at 130 °C; D-RT: with DIO and as 

cast; D-130C: with DIO and annealed at 130 °C. 

 

 

Photoinduced charge transfer efficiency (from donor to acceptor or vice versa) can also be 

probed via photoluminescence (PL) quenching and decay measurements of the blend films 

relative to the neat films.[29,30] The quenching efficiency gives information about the nanoscale 

morphology and miscibility of donor and acceptor domains within the blend layer, which is 

often not directly accessible via surface characterization techniques like AFM[104]. All the four 

blends were able to quench the donor PL (PLQED >99.9%), suggesting an effective diffusion 

of excitons and transfer of electrons from donor to acceptor, while the efficiency of hole 

transfer from acceptor to the donor (PLQEA) was slightly lower in the ND-RT device, partly 

accounting for the slight decrease in JSC. The other three blends (ND-130C, D-RT, and D-

130C) had a high PLQEA of >99.9% (PL spectrum and PLQE values are presented in Figure 

17 and Table 7 respectively).  
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Table 8 SCLC mobilities of PTOBDT:Y6 blends. 

  μ
hole 

[× 10
-4

 cm
2 
V

-1 
s

-1
] μ

electron 
[× 10

-4
 cm

2 
V

-1 
s

-1
] 

Without additive 

ND-130C 2.35 ± 0.59 2.45 ± 0.61 

With DIO additive 

D-130C 4.97 ± 0.75 1.85 ± 0.54 

Key: PTOBDT:Y6 blends with different processing conditions: ND-130C: without DIO and 

annealed at 130 °C; D-130C: with DIO and annealed at 130 °C. 

 

Figure 18 SCLC blend (a) electron and (b) hole mobilities of PTOBDT:Y6 devices with/without 

annealing and DIO additive addition. 
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Charge transport was characterized to account for the difference in FF of the annealed 

devices with DIO (D-130C) and without DIO (ND-130C) additive, which has the best 

FFs among the two groups (Figure 18 and Table 8). The device without DIO additive 

showed SCLC µhole and µelectron of 2.35 ± 0.59 × 10
-4

 and 2.45 ± 0.61 × 10
-4

 cm
2 

V
-1 

s
-1, 

respectively. In the devices with DIO, slightly higher µhole (4.97 ± 0.75 × 10-4 cm2 V-1 s-

1), and a lower µelectron (1.85 ± 0.75 × 10-4 cm2 V-1 s-1) were observed. In both devices, 

sufficiently high SCLC mobilities and low µhole/µelectron ratio were observed. An increase 

in blend hole mobility in D-130C might suggest morphological and crystal packing 

changes in polymer donor but could not directly account for the significant increase in 

FF of the D-130C device since the electron mobility did not improve in the same 

proportion.  

3.3.2 Dielectric constant and built-in potential 

 

 

 

Figure 19  (a) Dielectric constant and (b) Mott-Schottky plot for blends 

with/without annealing and DIO additive. 
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Table 9 Vbi and dielectric constant of PTOBDT:Y6 blends. 

  Vbi [V] εr 

Without additive 

ND-RT 0.802  ± 0.002 4.145  ± 0.005 

ND-130C 0.727  ± 0.005 4.128  ± 0.117 

With DIO additive 

D-RT 0.685  ± 0.005 4.440  ± 0.262 

D-130C 0.617  ± 0.005 4.510  ± 0.164 

Key: PTOBDT:Y6 blends with different processing conditions: ND-RT: without DIO and as 

cast; ND-130C: without DIO and annealed at 130 °C; D -RT: with DIO and as cast; D-130C: 

with DIO and annealed at 130 °C. 

 

In the previous section, it was shown that the lowest JSC value for non-annealed, without 

additive (ND-RT) could be accounted for by the Jsat values (since Jsat (at Veff = 3V) is the 

maximum current that the device could produce). However, the VOC and FF values (which vary 

considerably) need more analysis since the Voc values are generally assumed to be linearly 

related to the difference between the LUMO of the acceptor and HOMO of the donor. In this 

case, with the same D:A blends, the large differences in VOC values (VOC) from 0.91 V in 

ND-RT to 0.74 V in D-130C, would suggest interfacial or blend morphology changes (as 

discussed in the introduction chapter). As already discussed, the effect of bandgap narrowing 

(absorption and EQE redshift) could not account for the total VOC.  Also, the SCLC mobilities 

could not account for the increased FF in the DIO based devices, since the mobility ratio 

increased because of an increase in the hole mobility. 

The dielectric constant of blends could explain both FF and VOC change, as discussed in section 

1.5. Therefore, the dielectric constants of all four devices were calculated. The values obtained 

at 10 kHz frequency are listed in Table 9 and the frequency dependence of the dielectric 
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constant is plotted in Figure 19a. It can be observed that the dielectric constant values (average 

values from 3-4 devices) of the blends are similar in all the devices. Noticeably, these values 

are close to the weighted average (𝑓𝜀𝐷 + (1 − 𝑓)𝜀𝐴 = 4.03, where f =1/1.2 since weight ratio 

of D:A= 1:1.2) of the dielectric constants of neat PTOBDT (εr = 4.21) and Y6 films (εr = 3.89).  

Since dielectric constants of the blends could not account for the observed differences, Mott-

Schottky analysis was done to measure the built-in potential to account for the VOC and FF 

changes. The obtained values (from 4 devices to account for processing variations) are 

presented in Figure 19 and Table 9. The built-in potential changes significantly upon 

annealing and addition of DIO additive: 

Effect of annealing: Vbi decreased from 0.802 V (ND-RT) to 0.727 V upon annealing at 130 

°C (ND-130C), and thus correlating with an increase in VOC, while the increase in FF could be 

attributed to an increase in order/crystallinity (Y6 showed larger redshift upon annealing as 

compared to PTOBDT, in Figure 14c and d). On the other hand, for the DIO based devices, 

FF was similar in both the annealed (D-130C) and as-cast device (D-RT), so little direct 

dependence of FF on Vbi could be found, while VOC increased with an increase in Vbi. 

Effect of DIO additive: For the DIO additive-based devices, the Vbi was comparatively low: 

Vbi of 0.685 and 0.617 V was found for the as-cast (D-RT), annealed device (D-130C), 

respectively, vs 0.802 and 0.717 V for ND-RT and ND-130C, respectively. The lower Vbi 

values in DIO additive-based devices account for lower VOC.  
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3.3.3 Morphology characterization: AFM and surface tension measurement 

 

 

 

 

The significantly different values of Vbi suggest a change in the morphological characteristics 

of the blend active layer, upon annealing/additive addition. AFM and surface energy 

measurements were carried out to analyze the morphological changes in the blends.  

In without-DIO devices, the RMS roughness decreased from 8.34 nm (ND-RT) to 6.70 nm 

(ND-130C) upon annealing. Also, the RMS roughness decreased from 6.34 nm (D-RT) to 1.35 

nm (D-130C) for DIO based devices upon annealing. A fiber-like structure appeared in the D-

130C blend, which can suggest the polymer phase rearrangement (evidenced from an increase 

in the SCLC hole only mobility as compared to the annealed device without DIO (ND-130C)). 

Similar rearrangement (network formation) but to a smaller extent could be seen in the 

annealed without-DIO device (ND-130C) as compared to the as-cast device (ND-RT). These 

observations (Figure 20) point to redistribution of donor:acceptor domains in the blend. 

Figure 20 AFM images of PTOBDT:Y6 blend without/with DIO additive addition and 

without/with annealing: (a), (c), (e), and (g)  are  the height images; and (b) , (d), (f), 

and (h)  are the phase images of blends without (ND-RT/ND-130C) and with (D-RT/D-

130C) DIO additive, respectively. 
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However, PLQE was still maintained, therefore, the nanoscale phase separation could still be 

expected.  

 

 

 

Contact selectivity of donor/acceptor plays an important role in the overall device efficiency: 

donor polymer near anode contact (MoOx) and acceptor molecules near cathode contact (ZnO) 

is preferred. Here, since cathode/anode contacts are the same, the processing condition is likely 

to change the degree to which the active layer/cathode interface is covered by acceptor 

molecules (Y6) and vice versa for anode contact. The morphology change was obvious from 

Figure 21 Contact angle of neat and blend films with water and 

EG as the probe liquids. Average of four angles (two angles per 

droplet) were taken; only one droplet is shown here.  
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the AFM images. Surface energy values can serve as an additional tool to characterize the 

relative change in the donor/acceptor coverage on the surface of the blend film and hence to 

characterize the contact selectivity. The contact angles with the two probe liquids, water and 

glycerol, and calculated surface tension values are shown in Figure 21 and Table 10, 

respectively for the annealed devices. PTOBDT polymer has slightly lower surface tension 

than that of Y6. The surface energy of blend without additive (ND-130C) falls between that of 

the donor and acceptor, which is consistent with the theory of mixing (averaging) of surface 

energies and thus a homogenously mixed surface area. At the same time, the surface energy of 

blend with the additive (D-130C) is higher than both acceptor and donor. In conclusion, even 

though the surface energy of the blend changes on DIO addition, suggesting a vertical 

redistribution of donor and acceptor (Vbi changes suggest vertical stratification[47]), the surface 

energy values are too close to definitely tell if the donor domains preferably came on the top 

when DIO was added or vice versa.  

 

Table 10 Contact angle and surface tension of neat and blend films. 

 
Contact angle* 

(water) [°] 

Contact angle* 

(EG) [°] 

γp 

[mN/m] 

γd 

[mN/m] 

Surface tension, 

γ [mN/m] 

Neat films 

Y6 96.8  69.8 7.04 17.86 24.90 

PTOBDT 100.7 75.1 5.86 16.87 22.73 

PTOBDT:Y6 blend films 

ND-130C 95.0 71.1 9.21 14.70 23.91 

D-130C 95.8 67.9 7.12 18.76 25.88 

*Average of 4 angle measurements 

Key: PTOBDT:Y6 blends with different processing conditions: ND-RT: without DIO and as 

cast; ND-130C: without DIO and annealed at 130 °C; D-RT: with DIO and as cast; D-130C: 

with DIO and annealed at 130 °C. 
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3.3.4 Summary of Part I  

In summary, both annealing and DIO addition led to a significant change in the morphology 

of the blend, which is supported by the large Vbi changes and the proportional change in VOC. 

Moreover, the narrowing of the bandgap in the DIO additive based devices (both D-RT and D-

130C) might have also contributed to the decrease in VOC.   

Dielectric constants of the blends did not change unexpectedly higher/lower (with annealing 

or DIO additive addition) than the weighted average of donor and acceptor dielectric constants, 

therefore, not contributing directly to the Pdiss, FF, and VOC change. 

3.4 Results and discussion: Part II- Effect of material properties: fluorination of 

donor polymer 

3.4.1 Photovoltaic performance 

Inverted device structure was used to fabricate OSC devices based on two polymer donors (a 

non-fluorinated, PBDTTh-TA, and a fluorinated PBDTThF-TA) and two acceptors (non-

fluorinated ITIC and fluorinated IT-4F). The chemical structures, energy level alignment, and 

absorption spectra of neat and blend films are shown in Figure 22. OSC based on PBDTTh-

TA:ITIC and PBDTThFF-TA:IT-4F showed the best and comparable PCEs (9.95% and 

9.85%, respectively). PBDTTh-TA:IT-4F device showed slightly lower but modest PCE of 

8.77%, mainly due to the lower VOC compared to PBDTTh-TA:ITIC, which was expected since 

the LUMO of IT-4F lies lower than that of ITIC (Figure 22b). The device based on PBDTThF-

TA:ITIC showed the worst performance with the lowest JSC and FF among the four blend 

systems, although with the highest VOC (as expected according to the LUMOA and HOMOD 

energy levels). Therefore, the trend of Voc correlates with the HOMOD-LUMOA difference. 
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To analyze the trend of JSC, a similar analysis was done as in the PTOBDT:Y6 system for 

quantifying exciton dissociation and charge collection efficiency. The device based on 

PBDTThF-TA:ITIC showed the lowest Pdiss and Pcoll  of 74.33% and 44.05%, respectively 

(Figure 24 and Table 11). Higher Jsc in IT-4F-based devices is contributed by the increased 

number of photons absorbed in the BHJ film showing an extended absorption with an EQE 

onset at ~805 nm (versus the onset of ~776 nm with ITIC, shown in Figure 23b). TF:TA 

devices did not reach a saturated Jph, which is a signature of the low charge generation and 

collection efficiency of the blend.  

Figure 22 (a) Chemical structures of non-fluorinated and fluorinated donors and 

acceptors (F atoms are circled); (b) frontier energy levels of donors and acceptors; UV-

vis spectra of (c) neat, and (d) blend films. 
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Table 11 Photovoltaic performance parameters devices with PBDTTh-TA and PBDTThF-

TA polymer donors (average values are shown in parentheses).  

  JSC 

[mA cm
-2] 

Voc 

[V] 
FF PCE 

[%] 
Jsat 

[mA cm
-2

] 
Pdiss 

[%] 
Pcoll 

[%] 

PBDTTh-TA:ITIC  18.13 

(17.69) 
0.99 

(0.98) 
0.55 

(0.54) 
9.83 

(9.34) 
19.14 92.04 67.13 

PBDTTh-TA:IT-4F 18.31 

(18.24) 
0.86 

(0.86) 
0.56 

(0.55) 
8.77 

(8.67) 
19.71  92.63  70.75  

PBDTThF-TA:ITIC 9.21 

(9.06) 
1.12 

(1.12) 
0.40 

(0.39) 
4.10 

(3.96) 
11.75  74.33 44.05  

PBDTThF-TA:IT-4F 19.84 

(19.53) 
1.00 

(1.00) 
0.50 

(0.48) 
9.95 

(9.45) 
19.03 91.29  67.75  

 

Figure 23 (a) J-V curve and (b) EQE spectra of OSCs based on 

fluorinated/non-fluorinated donor polymers and acceptors. 
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Donor PL was quenched effectively in all the blend systems, suggesting an efficient transfer 

of electrons from donor to the acceptor (and a nanoscale polymer domain size). However, the 

other channel (hole transfer from acceptor to donor) was severely limited in PBDTThF-

TA:ITIC blend and hence the lowest JSC (Figure 25 and Table 12 This observation is 

consistent with the fact that the HOMO offset is the minimum (0.01 eV) in this blend (Figure 

22b). 

It can be reasonably argued therefore that the donor and acceptors mixed intimately to form a 

nanoscale morphology in the three systems and for the PBDTThF-TA:ITIC system, either there 

was a lack of nanoscale mixing or HOMO was not sufficient. Both these possibilities will be 

verified with SCLC mobility and morphology characterizations.  

Figure 24 Photocurrent vs Effective voltage. 
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Figure 25 PL quenching of (a) Donor excitation of PBDTTh-TA (b) Donor excitation of 

PBDTThF-TA; (c) and (d): ITIC PL quenching by PBDTTh-TA and PBDTThF-TA, 

respectively; (e) and (f): IT-4F PL quenching by PBDTTh-TA and PBDTThF-TA, respectively. 



 

 55 

Table 12 PL quenching data for blends. 

  PLQED [%] PLQEA [%] 

PBDTTh-TA:ITIC  98.9 92.4 

PBDTTh-TA:IT-4F 99.8 99.7 

PBDTThF-TA:ITIC 98.9 39.9 

PBDTThF-TA:IT-4F 98.9 98.6 

 

SCLC mobilities were measured to account for the charge transport limitation (if any) and 

comparatively analyze the low FF values in relation to mobility values (see Figure 26 and 

Table 13). PBDTTh-TA:IT-4F device showed the most balanced µelectron and µhole values, 

evident in the highest FF. Noticeably, all the blends showed lower SCLC electron mobilities 

compared to the respective neat acceptor films (in Table 2, ITIC: 1.6 × 10
-4

 vs IT-4F: 5.8 × 

10
-4

 cm
2 

V
-1 

s
-1)  

and thus limited charge collection efficiency (low FFs). The reduction in 

respective hole mobilities was less drastic.  

 

 

Figure 26 SCLC plots of blend films: (a) Hole only and (b) Electron only. 
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Table 13 SCLC mobilities of blend films. 

  μ
hole 

[× 10
-4

 cm
2 
V

-1 
s

-1
] μ

electron 
[× 10

-4
 cm

2 
V

-1 
s

-1
] μ

hole 
/μ

electron 
 

PBDTTh-TA:ITIC  1.09 ± 0.23 0.60 ± 0.10 1.82 

PBDTTh-TA:IT-4F 0.80 ± 0.13 0.53 ± 0.10 1.51 

PBDTThF-TA:ITIC 0.76 ± 0.26 0.32 ± 0.04 2.37 

PBDTThF-TA:IT-4F 0.83 ± 0.53 0.43 ± 0.11 1.93 

 

3.4.2 Morphology characterization: AFM and surface tension measurement 

 

 

 

Figure 27 AFM height images of  active layer blends of (a) PBDTTh-TA:ITIC, (c) PBDTTh-

TA:IT-4F, (e) PBDTThF-TA:ITIC, and (g) PBDTThF-TA:IT-4F and AFM phase images of active 

layer blends of (b) PBDTTh-TA:ITIC, (d) PBDTTh-TA:IT-4F,  (f) PBDTThF-TA:ITIC, and (h) 

PBDTThF-TA:IT-4F. All images were taken on 5 µm × 5 µm area.  



 

 57 

Surface morphologies of the active layer blends were characterized using AFM and RMS 

roughness values were calculated from the height images. PBDTTh-TA:ITIC (Figure 27a and 

b) and PBDTThF:IT-4F (Figure 27c and d ) showed RMS roughness values of 3.80 and 0.92 

nm, respectively. Aggregated domains of ~1 µm size can be seen in the PBDTTh-TA:ITIC 

blends, which mostly contribute to the increased RMS roughness values. PBDTThF-TA based 

D:A blends with ITIC (Figure 27e and f) and IT-4F (Figure 27g and h) NFAs showed similar 

roughness values of 1.15 and 1.66 nm, respectively. Also, a network-like formation was seen 

in PBDTThF based blends (in both height and phase images). These fiber-like formations 

(>100 nm in width) are usually attributed to aggregated domains. On the other hand, PBDTh-

TA:IT-4F films displayed a relatively mixed morphology. It is clear from the AFM images that 

the four blends have very distinct morphologies. The fluorinated polymer PBDTThF-TA-

based blends tend to aggregate, while the non-fluorinated polymer PBDTTh-TA based blends 

show moderate mixing.  

In order to gain information about the relative miscibility (which could explain the loss in 

mobilities in blends compared to the neat films and the AFM morphology), miscibility analysis 

was done by calculating surface energy values (𝛾) of the donor polymers and NFAs and using 

those values in an empirical relation[53]:  

 𝜒 ∝ (√γ𝑑𝑜𝑛𝑜𝑟 − √γ𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟  )
2

  3. 2 

The relative 𝜒 values can predict the extent of miscibility. The measured contact angles and 

calculated values of (√γ𝑑𝑜𝑛𝑜𝑟 −  √γ𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟  )
2

are shown in Figure 28 and Table 14. 

According to the relative miscibility values, PBDTTh-TA:ITIC would form the most intensely 

mixed system, while PBDTThF-TA:IT-4F system could be predicted to have the least 

intermixing. At the same time, it is evident from the PL results that the mixing is good enough 

for forming nanoscale domains and hence efficient exciton dissociation in PBDTThF-TA:IT-

4F, despite the lowest miscibility. 
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It follows from it that the mobility reduction in the PBDTThF-TA:IT-4F would be the 

minimum. Noticeably, (√γ
𝑑𝑜𝑛𝑜𝑟

−  √γ
𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟  

)

2

 values are much lower than the reported 

values for most high performing systems in literature.[31–33,107] Therefore, too-mixed phases (of 

donor and acceptors) might be present in all the systems discussed in this part and the low 

acceptor part PLQEA in PBDTThF-TA:ITIC blend might be primarily due to the insufficient 

HOMO offset. 

 

 

Figure 28 Contact angles of water and glycerol as 

probe liquids on neat films. 
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Table 14 Surface tension and interaction parameter of polymer donors and acceptors. 

 
Contact 

angle* 

(water) 

[°] 

Contact 

angle* 

(glycerol

) [°] 

γ
p
 

[mN/

m] 

γ
d 

[mN/

m] 

Surface 

tension, γ 

[mN/m] 

(√𝜸𝒅𝒐𝒏𝒐𝒓 −  √𝜸𝒂𝒄𝒄𝒆𝒑𝒕𝒐𝒓)
𝟐
 

ITIC 94.2 83.6 9.34 15.09 24.43 
 

IT-4F 94.7 78.9 6.57 21.54 28.11 

PBDTTh-TA 94.9 82.5 8.12 17.14 25.26 

PBDTThF-TA 96.8 87.7 9.31 12.95 22.25 

PBDTTh-TA:ITIC  0.01 

PBDTTh-TA:IT-4F 0.08 

PBDTThF-TA:ITIC 0.05 

PBDTThF-TA:IT-4F 0.34 

*Average of 4 values  

 

 

Figure 29 Dielectric constant of blends. 
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3.4.3 Dielectric constant of blends and built-in potential 

The dielectric constants obtained at 10 kHz are also shown in Table 15 and the frequency 

variation of blend dielectric constants is shown in Figure 29. It had been reported that 

fluorination would increase the dielectric constant of the neat films (consistent with the values 

in Table 5) and hence that of the blend. Blends based on PBDTTh-TA:ITIC showed the highest 

εblend of 5.24, which contrasts with the theory that fluorination of donor/acceptor will increase 

the dielectric constant of the blend. It is therefore important to consider the effects of molecular 

arrangements in predicting the dielectric constant of a mixed system,[92] unlike the simple 

theory of mixing commonly used for calculating the dielectric constant of blends using the 

dielectric constant values of the neat donor and acceptor (Section 1.3.7). Both fluorinated 

donor and fluorinated acceptor (with a higher dielectric constant than that of the fluorinated 

counterpart) might not lead to a blend with a higher dielectric constant than that based on non-

fluorinated donor/acceptor. Also, small changes in the dielectric constant might not lead to 

observable changes in the device performance, if the energy level offsets and SCLC mobilities 

are low.[102] A direct correlation, therefore, was not found for either Pdiss,, FF or VOC with 

respective dielectric constants of the four systems. 

 

Mott-Schottky plot was used to calculate the built-in potential (Vbi) of the four blend systems 

to account for the VOC losses (Figure 30 and Table 15). Since the device structure was similar, 

it should be expected that the Vbi should be similar, if one considers the work function 

difference as the only contributor to the internal electric field. Several previous reports have 

defined the Vin in a similar way (Section 1.3.8)[42]. However, a clear correlation could be 

observed for the energy loss (Eloss = Eg-qVOC) and Vbi. The Eloss was minimum for the device 

with the maximum Vbi (PBDTThF-TA:ITIC), although the overall performance was the 

lowest. Since the HOMO/LUMO levels are different for the four combinations, a direct 

comparison of VOC would not be useful. 
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Table 15 Dielectric constant, Vbi, and Voc loss data.  

  Vbi [V] εr Eg/q-VOC [V] 

PBDTTh-TA:ITIC  0.91 ± 0.004 5.24 ± 0.05 0.624 

PBDTTh-TA:IT-4F 0.80 ± 0.025 4.80 ± 0.28 0.656 

PBDTThF-TA:ITIC 1.08 ± 0.004 4.49 ± 0.16 0.494 

PBDTThF-TA:IT-4F 0.92 ± 0.007 5.05 ± 0.17 0.516 

Figure 30 Mott-Schottky plot of (a) PBDTTh-TA:ITIC; (b) PBDTTh-TA:IT-4F; (c) PBDTThF-

TA:ITIC; (d) PBDTThF-TA:IT-4F blends. Four devices for each blend were analyzed for reliable 

comparisons. 
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3.4.4 Summary of Part II 

Fluorinated polymer blended with fluorinated acceptor did not achieve the highest dielectric 

constant among the four blends. Moreover, direct correlations between dielectric constants on 

device parameters were not visible possibly because of the significantly different morphology.  

Fluorinated polymer (PBDTThF-TA) has a larger Eb than the non-fluorinated polymer 

(PBDTTh-TA), but the PBDTThF-TA:IT-4F blend showed efficient exciton dissociation or 

charge transfer efficiency, because of sufficient energy level offsets and PL quenching.  

It is worth mentioning here that these results represent only a few combinations from several 

possible device optimization matrices with varying processing conditions: different thermal 

annealing temperatures, solvent annealing, D:A ratios, etc. Therefore, even for the same D:A 

combinations studied in both Part I and Part II, the observations might differ significantly if 

the processing conditions are changed. The aim of this chapter of the thesis is to show that 

several parameters interact together in an OSC and we should be careful to account for them 

while studying the effect of dielectric constant on device performance.  
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Chapter 4 

Summary and future directions  

The dielectric constants of neat polymer donor films lie in the range 3-5, even with significant 

differences in the polymer backbones. This is probably because the elemental variations (apart 

from the addition of F) are very low among these polymers and therefore the resulting 

permanent dipole moments do not change significantly. The exciton binding energies of the 

polymer donors are not necessarily inversely proportional to the dielectric constant. 

In the blends, variations in processing conditions can lead to significant differences in the 

photovoltaic performance of OSCs, without appreciable changes in the dielectric constant. The 

effects of morphology and molecular energy level alignment in donor:acceptor blend can 

subdue the change in the dielectric constant of the blend. Therefore, designing a polymer donor 

with an exclusive target to increase the dielectric constant might not be useful because of the 

dominance of other parameters crucial to the device performance.    

From Chapter 2, it can be concluded that attempts to increase the dielectric constant with an 

aim to decrease the Eb might not be the right direction. We should note that exciton formation 

is not a bulk phenomenon but rather an intramolecular process, and therefore Eb cannot always 

be correlated directly with the bulk dielectric constant values.     

From chapter 3, it can be concluded that small changes in dielectric constants of the blends (by 

changing the processing conditions or component materials’ dielectric constants) might not 

lead to appreciable changes in the OSC performances, especially when the competing 

parameters like energy level alignments and morphology change significantly. In addition, 

when the differences in the dielectric constants are small, the study of the influence of dielectric 

constant on device performance becomes rather complicated.  

Future directions:  

• A systemic investigation on the effect of dipole moment and dielectric constant on Eb  

of polymer donors can be done: 
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o The dipole moment calculation for the excited states and with multiple 

monomer units should be done. This would provide a closer picture of the 

polarizability of the excited state along with the influence of 

inter/intramolecular delocalization.    

o The electron-hole separation distance, 𝑟 is one of the main unknowns in exciton 

binding energy calculation and is related to the inter/intramolecular 

delocalization. Therefore, the extent of molecular packing (2D/3D) can provide 

more insight into the cumulative effect of both dielectric constant and electron-

hole separation distance on the exciton binding energy in the polymer donor 

films.  

• In the blends, the donor/acceptor relative miscibility, crystallinity (and crystal size), 

molecular packing, etc. can be further probed via synchrotron grazing incidence wide-

angle x-ray spectroscopy (GIWAXS), transmission electron microscopy (TEM), and 

so on. With a better clarity of the donor/acceptor packing in blend films and thus the 

effective dipole direction, the dielectric constant of the blends can be predicted with 

better accuracy. 
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