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ABSTRACT 

 

 Organic photovoltaic (OPV) is an exciting energy harvesting technique. 

Although its power conversion efficiency (PCE) now exceeds 10% in a research 

laboratory, the processing window of an OPV cell is still narrow. A fundamental 

understanding of the OPV materials is desired. This thesis presents the charge 

carrier transport properties and electronic interactions in the bulk heterojunction 

(BHJ) active layer of OPV cells. They were found to be well correlated with OPV 

device performances. Space-charge-limited current (SCLC) measurements and 

admittance spectroscopy (AS) were employed to study the charge transports, 

while photothermal deflection spectroscopy (PDS) was used to probe the trap 

densities inside the materials. 

 

 Beneficial effects of a common solvent additive, 1,8-diiodooctance (DIO), on 

PTB7:PC71BM OPV cells have been investigated. With DIO present in the casting 

solution, the resulting BHJ films have much enhanced electron mobilities, 

whereas the impact on the hole mobility is negligible. The origin of increased 

electron mobility is the reduced average electron hopping distance for those films 

prepared with DIO solvent additive. A balance of hole-electron mobility by tuning 

the DIO concentration was demonstrated to be the way to optimize the OPV 

device performance. In light of carrier transport measurement results, a 

“polymer-rich” strategy with preserved device performance was demonstrated. 

 

After understanding the importance of balanced hole-electron mobility, the 

impact of donor-acceptor weight ratio on the performance of PTB7 : PC71BM 

based OPV cells was explored. Early stage electronic donor-acceptor interactions 
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were revealed using ultra-low dosages of fullerenes. Before electron transport 

pathways percolate, the unconnected fullerene domains act as traps and hinder 

electron transport. From PDS, the trap density observed inside BHJ films was 

found to be anti-correlated with the fill factor of OPV devices. The origin of low 

FFs is mainly due to electron traps and localized states from fullerenes. Based on 

the observations, it is proposed that PC71BM tends to intercalate with PTB7 

backbone instead of forming self-aggregates before the electron pathway 

percolation. 

 

Apart from investigating the fundamentals in OPV devices, a solution to 

improve its processing window was proposed in this thesis. Thermally stable 

polymer : fullerene OPV cells were fabricated by employing fluorenone-based 

solid additives. A charge transfer interaction between the additives and donor 

moiety of polymer formed a locked network which freezes the BHJ morphology 

under thermal stress. The most promising result retains 90% of the origin 

efficiency, upon thermal aging at 100 °C for more than 20 hours in PTB7:PC71BM 

solar cells.  

 

Besides fullerene-based OPV, all-polymer photovoltaic solar cells (all-PSCs) 

were also investigated. Two new difluorobenzene-naphthalene diimide based 

polymer electron acceptors, one random (P1) and one regioregular (P2) structure, 

were compared. P2 exhibited a much better molecular packing, a higher electron 

mobility and more balanced hole-electron mobilities in its composite film with 

polymer donor, PTB7-Th. An optimized PTB7-Th:P2 device can achieve a 

respectably high PCE over 5% for all-PSC devices. These all-PSCs should open a 

new avenue for next generation OPVs. 
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Chapter 1 

Introduction 

 

 Organic semiconducting materials have attracted immense research interest 

in the last few decades. They show great promise because they are alterable in 

material design, lightweight, flexible, semi-transparent, and potentially 

inexpensive.
[1-4]

 On the other hand, solar energy is clean, inexhaustible and 

sustainable. The sun provides 3000 times more energy to the earth than the world 

consumes in a year.
[5-6]

 Combining organic semiconductors and photovoltaics 

gives an exciting class of energy harvesting technique – organic photovoltaic 

(OPV). From the commercial point of view, the payback period of OPVs is 

projected to be less than that of other photovoltaic products.
[6,7]

 Figure 1.1 shows 

some examples of organic photovoltaic applications. 

 

The first organic material with photoconductivity was observed in anthracene 

in 1906.
[8]

 After half a century, it was discovered dyes, such as methylene blue, 

possess semiconducting properties and exhibit photovoltaic effects.
[9]

 In 1986 

Tang demonstrated the first photovoltaic device employing copper phthalocyanine 

and a perylene tetracarboxylic derivative, with a respectable power conversion 

efficiency (PCE) of 1%.
[10]

 Since then, there has been steady improvement of PCE 

for OPV devices. Currently, the state-of-the-art OPV device certificated by 

National Renewable Energy Laboratory (NREL) has a PCE of 11.5%. Detailed 

development history of OPV can be found in Figure 1.2, the filled orange circles 

and triangles represents the PCEs of organic solar cells. 
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Figure 1.1 Examples of organic photovoltaic applications: (a) portable charger 

for outdoor activities, (b) colorful photovoltaic ventilated façade 

outside the SwissTech Convention Center made by Solaronix, (c) 

folding military solar panels, (d) decorative organic solar panels 

made by VTT Technical Research Centre of Finland Ltd. using 

mass production printing technologies. Adapted from Ref. 11-14. 
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Figure 1.2 A summarized PCE chart published by NREL. The efficiencies are 

confirmed by independent, recognized test laboratories, and are 

reported on a standardized basis. Adapted from Ref. 15. 
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The active layer is the heart of all organic solar cells. It is made by an organic 

mixture and sandwiched between two conducting electrodes. The layer absorbs 

solar energy and converts the energy into electrical power. The optimized 

thickness of the active layer is usually in the range of hundreds of nanometers. In 

most OPV devices, the active layer employs a mixture of polymer electron donor 

and fullerene electron acceptor, in the form of a bulk heterojunction (BHJ) as 

proposed by Heeger et al. in 1995.
[16]

 The BHJ approach provides a favorable 

morphology for exciton dissociation and charge transport. The detailed operation 

mechanism will be discussed in Section 2.3.1.  

 

Development of OPV material designs is one of the most critical factors that 

can boost the PCE. Chemical structures of some of the most important materials 

are shown in Figure 1.3. Before 2009, polycrystalline polymer P3HT was the 

most promising donor polymer when mixed with PC61BM, with a PCE around 

3-4%.
[17]

 Subsequently, materials with stronger and broader optical absorptions 

were invented, such as PCDTBT and PTB7. (Their absorptivities are shown in 

Figure 1.4) Furthermore, specially designed fullerene derivatives, such as ICBA 

and PC71BM were employed to match donor polymers. With these material 

innovations, OPV devices with PCE in the range of 7-10% can be obtained.
[18,19]

 

  



5 
 

 

 

Figure 1.3 List of commonly used electron donor polymers and 

fullerene-based electron acceptors.  

 

 

Abbreviation Conventional Name 

P3HT poly(3-hexylthiophene-2,5 –diyl) 

PCDTBT poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'- 

benzothiadiazole)] 

PTB7 poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6- 

diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] 

PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]- 

dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]- 

thiophene-)-2-carboxylate-2-6-diyl)] 

PC61BM [6,6]-phenyl-C61-butyric acid methyl ester 

ICBA 1’,1’’,4’,4’’-tetrahydro-di[1,4]methanonaphthaleno[5,6]fullerene-C60 

PC71BM [6,6]-Phenyl-C71-butyric acid methyl ester 

 

Table 1.1  List of common OPV materials and their abbreviations. 
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BHJ Highest PCE (%) Reference 

P3HT : PC61BM 5.5 20 

P3HT : ICBA 7.4 21 

PCDTBT : PC71BM 6.8 18 

PTB7 : PC71BM 10.1 19 

PTB7-Th : PC71BM 10.6 22 

 

Table 1.2 The highest PCEs achieved for different OPV BHJ materials listed 

in Figure 1.3. 
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Figure 1.4 (a) Thin-film absorptivities of common donor polymers, compared 

with (b) AM 1.5 G solar spectrum. 
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Despite steady advances in the PCEs, OPV cells are still facing several 

critical issues before they can be realized commercially. For most of the BHJ OPV 

devices in research scale, the optimum thickness of active layer is about 100 nm. 

It is difficult to be fabricated in large-area roll-to-roll reproducibly because of the 

presence of pin holes and restriction of techniques for manufacturing.
[23]

 On the 

other hand, high recombination rates originates from low charge carrier mobility 

(<10
-4

 cm
2
V

-1
s

-1
) hinder the development of thick film active layer.

[24-26]
 It also 

remains challenging to maintain the optimized morphology of fullerene-based 

BHJ over time for outdoor application, especially under the stress of heat. An 

operating device has to be exposed to long-term solar irradiation. The absorbed 

heat accumulates, alters the optimized morphology, and leads to thermal 

degradation and deteriorated device performance.
[27-29]
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This thesis will examine several fundamental understanding of the OPV 

materials, and its relations to device performances. Based on those understandings, 

numbers of improvement methods will also be demonstrated. It is organized as 

follows: Chapter 2 describes basic concepts and theories for organic 

semiconductors. The operating principle of organic devices will be examined. 

Chapter 3 presents the experimental details. Chapters 4 to 7 cover the major 

research endeavors in this thesis --- they include the experimental results and 

discussions. The beneficial effect of a common solvent additive, 

1,8-diiodooctance (DIO) on fullerene based OPV cells will be investigated in 

Chapter 4. The origin of “DIO effect” will be explained from the perspective of 

charge carrier transport. Chapter 5 discusses the effect of donor-acceptor (D-A) 

weight ratio on OPV cells performance, especially in the un-optimized regime. 

Ultra-low dosages of fullerenes are used to reveal the early stage of electronic 

donor-acceptor interactions, in terms of carrier mobility and trap densities. 

Chapter 6 proposes a series of fluorenone-based solid additives for enhancing the 

thermal stability of OPV devices, supported by individual analysis. Chapter 7 

outlines several characterization results on a new class of organic materials: 

non-fullerene (NF) acceptors. Chapter 8 concludes the work of this thesis. 
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Chapter 2 

Fundamental Concepts and Theories 

 

2.1  Brief Introduction to Organic Semiconductors 

 

 Organic materials refer to hydrocarbon-based substances which exist 

naturally or produced by synthesis. According to their complexities, organic 

materials can be classified into molecules, polymers and biological molecules.
[1]

 

In this thesis “organic semiconductors” refer to molecules and polymers, which 

are the ingredients of the active layer in organic electronic devices. Below, the 

electronic configuration of carbon atoms in a molecule or polymers will be briefly 

reviewed. 

 

An isolated carbon has an electronic configuration of 1s
2
2s

2
2p

2
. However in 

organic materials, new orbitals called sp
2
 hybrids may arise due to the 

reorganization of s and the two p orbitals. The three sp
2
 hybrid orbitals are 

coplanar and at 120° to each other. Two remaining pz orbitals are perpendicular to 

the plane, as shown in Figure 2.1. Take benzene as an example. Each carbon atom 

is connected to two other identical carbon atoms. With the sp
2
 hybrids, a carbon 

atom can form sigma bonds (σ-bonds) with two adjacent carbon atoms and one 

hydrogen atom, with end-to-end overlap of atomic orbitals. The remaining pz 

orbitals overlap with those on both sides. This broad sideway-overlaps form pi 

bonds (π-bonds) which is delocalized over the carbon ring. In other words, 

electrons can be found anywhere within the benzene ring. Comparing σ-bonds and 

π-bonds, since σ-bonds have higher degree overlap of orbitals, they have stronger 

bond strengths and thus larger binding energies.  
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According to Pauli Exclusion Principle, the π orbitals split into two bands, 

namely π-bonding and π-antibonding orbitals. Electrons fill the π-bonding orbitals 

up to the highest occupied molecular orbital (HOMO), while the lowest empty 

π-antibonding orbital is called lowest unoccupied molecular orbital (LUMO). In 

contrast to inorganic semiconductors, the HOMO can be thought to be the 

maximum of valance band and the LUMO is the minimum of the conduction band. 

Once the molecule/polymer is in excited state, the hole and excited electron attract 

each other via Coulomb’s force (Fc). As stated in Coulomb’s law, 

 

 𝐹𝑐 =
1

4𝜋𝜀0𝜀𝑟

𝑞2

𝑟2
 (2.1) 

 

where ε0 is the permittivity of free space, εr is the dielectric constant of material, q 

represents the charges of an electron, r is the distance between hole and electron. 

The term “exciton” is used to describe this quasi-particle hole-electron pair. In 

general, the value of εr in an organic material is around 3, which is relatively small 

when compared to inorganic semiconductors. Hence the binding energy of organic 

semiconductors is as large as 0.5 eV or more. For charge transport to take place in 

organic semiconductors, there must be either an electron added into π-antibonding 

orbital, or removed from bonding orbital (and form a hole). Charge injection 

(addition) or extraction (removal) can be done in following ways: (1) Electron 

injection or extraction at the metal-organic interface. (2) Reduction or oxidation of 

the organic molecule employing a dopant molecule. (3) Through exothermic 

dissociation of an exciton. 

  



15 
 

 

 

Figure 2.1 A schematic diagram of carbon atom with sp
2
 hybridization. A 

benzene molecule is used as an example to show the bonding 

between carbon and hydrogen atoms, and delocalized electrons in π 

orbitals. 
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2.2 Charge Carrier Transport Mechanisms and Characteristics 

 

2.2.1 Hopping Transport 

 

In organic semiconductors, the average intermolecular separation is large (~ 

0.5-1 nm) as molecules are only bound together by weak van der Waals forces. 

Thus when comparing them with their inorganic counterparts, the molecular 

orbitals have less overlaps. In such kind of solid, charge transport is still possible 

via hopping transport. Each organic molecule can be viewed as a charge hopping 

site. Each site has a discrete and localized energy level. Variations in sites 

introduce small, yet discernible changes in the site energies which are about 100 

meV. 

 

Charge conduction happens when carriers, which can be injected externally 

or generated internally (e.g.: via optical absorption), hop from one molecule to 

another (Figure 2.2) The energy for charge hopping is derived from thermally 

activated lattice vibrations. So temperature controls the hopping rate of charge 

carriers. 
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Figure 2.2 Schematic diagram showing hopping conduction inside an organic 

semiconductor. 
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2.2.2 Gaussian Disorder Model (GDM)  

 

In 1993, Bässler et al. proposed the Gaussian disorder model (GDM) for 

charge carrier transport in disordered organic material. Originally this model is 

used to understand carrier transport in photoreceptors used in 

electrophotography.
[2]

 The GDM is now widely used to investigate the charge 

transport characteristics in organic semiconductors. The model has three main 

assumptions: 

[1] The charge transporting sites in the HOMO and the LUMO follow Gaussian 

distributions in their density of states (DOSs), which can described as the 

following general equation: 

 

 𝑔(𝐸) =
1

√2𝜋𝜎2
𝑒𝑥𝑝 (

−𝜀2

2𝜎2
) (2.2) 

 

where σ is the standard derivation of the Gaussian distribution, and ε is the 

site energy. The term “energetic disorder” is used to refer the value of σ. 

Electron and hole transport in the LUMO and the HOMO, respectively. Thus, 

σ should have a different value for electrons and holes. 

[2] There are no interactions between each hopping site, and the processes are 

incoherent. 

[3] The electron-phonon coupling is weak, such that the rate of charge hopping 

is independent from polarons. The Miller-Abrahams expression describes the 

hopping rate (νij) from a site i to another neighboring site j with distance aij at 

certain temperature (T): 
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 𝜈𝑖𝑗 = 𝜈0 𝑒𝑥𝑝 (
−2𝑎𝑖𝑗

𝐿
) { 𝑒𝑥𝑝 (−

𝜀𝑗 − 𝜀𝑖

𝑘𝑇
)

1
      

for 𝜀𝑗 < 𝜀𝑖 

for 𝜀𝑗 ≥ 𝜀𝑖
 (2.3) 

 

, where εi and εj are the corresponding site energies, ν0 is the attempt-to-hop 

frequency, L is the localization radius, k is the Boltzmann constant. Equation 2.3 

states that if the next site has a lower energy, then the charge hops directly, 

otherwise the hopping rate will drop exponentially with the site energy difference. 

 

After knowing the charge hopping rate, Monte Carlo simulation is used to 

simulate the charge carrier mobility (µ) which is dependent on electric field (F) 

and temperature (T). 

 

 𝜇(𝐹, 𝑇) = 𝜇∞ 𝑒𝑥𝑝 [−(
2𝜎

3𝑘𝑇
)
2

] 𝑒𝑥𝑝(𝛽√𝐹) (2.4) 

 

where μ∞ is the high-temperature-limit mobility, σ is energetic disorder mentioned 

in Equation 2.2, β is the Poole-Frenkel slope which is related to energetic and 

positional disorder.
[3]

 When there is no applied electric field (F = 0), Equation 2.4 

can be simplified as: 

 

 𝜇0 ≡ 𝜇(0, 𝑇) = 𝜇∞ exp [− (
2𝜎

3𝑘𝑇
)
2

] (2.5) 

 

By measuring the temperature dependent zero-field mobility (μ0), μ∞ and σ can be 

extracted from the y-intercept and the slope of a plot of μ0 against 1/T
2

 

respectively. They are useful parameters to describe the charge transport 

characteristics.  
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Figure 2.3 Schematic diagram of Gaussian disorder model. The hopping sites 

in the HOMO and the LUMO are spread in a Gaussian 

distributions, with standard derivation of σh and σe, respectively. 
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2.2.3 Space-Charge-Limited Current (SCLC) 

 

 The current-voltage (J-V) response of an organic semiconductor can be 

described by the space-charge-limited current (SCLC) model. Consider a parallel 

capacitor with a sandwich structure of organic semiconductor (i.e.: 

anode/organic/cathode.) The device capacitance limits the maximum capacity of 

injected charges. (Qmax = CV). Poisson’s equation can be used to describe the 

electric field (F) dependent spatial (x) charge distribution: 

 

 
𝜕𝐹

𝜕𝑥
=

𝑛𝑞

𝜀0𝜀𝑟
 (2.6) 

 

where n is the charge concentration, q is the elementary charge, ε0 is the 

permittivity of free space, εr is the dielectric constant of material. Equation 2.6 

can be rewritten as: 

 

 
𝜕𝐹

𝜕𝑥
=

𝑞

𝜀0𝜀𝑟
[(𝑛𝑓 − 𝑛𝑓,0) + ∑(𝑛𝑡 − 𝑛𝑡,0)

𝑗

] (2.7) 

 

The charge concentration n can be expanded into (1) free and trapped electron 

concentration (nf and nt), and (2) thermally generated free and trapped electron 

concentration (nf,0 and nt,0) in the absence of external electric field. j denotes the j
th

 

set of traps.  
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When molecular orbitals are filled by injected electrons, the quasi-Fermi 

level (EF) rises towards the LUMO level (ELUMO). The free electron concentration 

n(x) can be described as: 

 

 𝑛(𝑥) = 𝑁𝐿𝑈𝑀𝑂𝑒𝑥𝑝 (
𝐸𝐹 − 𝐸𝐿𝑈𝑀𝑂

𝑘𝑇
) (2.8) 

 

NLUMO defines effective density of states of electrons in LUMO. On the other hand, 

the spatial dependent trapped electron concentration nt(x) at certain energy Et can 

be described by Fermi-Dirac expression, 

 

 𝑛𝑡(𝑥) = 𝑁𝑡 [1 +
1

𝑔

𝑁𝐿𝑈𝑀𝑂

𝑛(𝑥)
𝑒𝑥𝑝 (

𝐸𝑡 − 𝐸𝐿𝑈𝑀𝑂

𝑘𝑇
)]

−1

 (2.9) 

 

where Nt is the total concentration of traps, g is the degeneracy factor. After 

getting a clear picture of charge concentration, the current inside the device can be 

calculated. The drift current (J) of charge carriers with mobility (µ) is given by: 

 

 𝐽 = 𝑛𝑞𝜇𝐹 (2.10) 

 

Assuming there are no traps (nt = nt,0 = 0), and the device is under high electric 

field such that the injected free carriers dominates (nf >> nf,0), Equation 2.7 can 

be simplified as: 

 

 𝑛𝑓 =
𝜕𝐹

𝜕𝑥

𝜀0𝜀𝑟

𝑞
 (2.11) 
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Combining Equations 2.10 and 2.11, integrating both sides, using boundary 

conditions (F(0) = 0), one can obtain the field distribution: 

 

 𝐹(𝑥) = √
2𝑥𝐽

𝜀0𝜀𝑟𝜇
  (2.12) 

 

and also the voltage distribution: 

 

 𝑉(𝑥) = (
8𝐽

9𝜀0𝜀𝑟𝜇
)

1
2⁄

𝑑3 2⁄  (2.13) 

 

where d is the thickness of that organic layer. In 1970, Murgatroyd proposed to 

include Frenkel effect into the J-V characteristic, such that the mobility becomes 

field dependent and Equation 2.13 can be rewrite as: 

 

 𝐽 =
9

8
𝜀0𝜀𝑟𝜇0 𝑒𝑥𝑝(0.89𝛽√𝐹)

𝐹2

𝑑
 (2.14) 

 

where µ0 is the zero-field mobility. One notice that J is thickness (d) dependent.
[4]

 

Experimentally the organic layer is done by spin coating and it is hard to control a 

precise thickness. In order to have a fair comparison between devices with 

different values of d, it is suggested to use J multiply d (i.e.: Jd), instead of J to 

plot against electric field for extracting the µ0 and β. The experimental set up will 

be shown at Section 3.2.2.1. 
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2.2.4 Admittance Spectroscopy (AS) 

 

Admittance spectroscopy (AS) measures the charge transport properties in 

the frequency domain, which in turn can be used to extract the charge carrier 

mobility.
[5]

 In an AS experiment, the sample has the same device structure as in 

the SCLC method. Furthermore, the sample can be modeled by 

resistance-capacitor parallel circuit. Under the injection of carriers by a 

direct-current (dc) voltage and a superimposed alternating-current (ac) voltage, 

the frequency dependent complex admittance Y(ω) can be described as: 

 

 𝑌(𝜔) = 𝐺 + 𝑖𝜔𝐶 (2.15) 

 

where G represents the conductance, i is the imaginary number and C is the 

capacitance. The carrier density is position and time dependent [i.e.: n(x,t)] and 

from Equation 2.6, 

 

 
𝜕𝐹(𝑥, 𝑡)

𝜕𝑥
=

𝑞𝑛(𝑥, 𝑡)

𝜀0𝜀𝑟
 (2.16) 

 

Maxwell’s continuity equation defines the time dependent total current density J(t) 

as: 

 

 𝐽(𝑡) = 𝑒𝑛(𝑥, 𝑡)𝜇(𝑡)𝐹(𝑥, 𝑡) + 𝜀0𝜀𝑟

𝜕𝐹(𝑥, 𝑡)

𝜕𝑥
 (2.17) 

 

In the absence of an ac voltage perturbation, the last term of Equation 2.17 

vanishes. Combining Equations 2.13, 2.16, and 2.17, the position dependent dc 
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electric field (Fdc(x)) and charge density (ndc(x)) can be obtained: 

 

 𝐹𝑑𝑐 =
3√𝑑

2𝜏𝑑𝑐𝜇𝑑𝑐
√𝑥 (2.18) 

 𝑛𝑑𝑐 =
3𝜀0𝜀𝑟√𝑑

4𝑞𝜏𝑑𝑐𝜇𝑑𝑐

1

√𝑥
 

(2.19) 

 

In the case with a small ac voltage perturbation, the electric field, charge density 

and current density can be modified as the sum of dc and ac component: 

 

 𝐹(𝑥, 𝑡) = 𝐹𝑑𝑐(𝑥) + 𝑓(𝑥, 𝑡) (2.20) 

 𝑛(𝑥, 𝑡) = 𝑛𝑑𝑐(𝑥) + 𝜑(𝑥, 𝑡) (2.21) 

 𝐽(𝑥, 𝑡) = 𝐽𝑑𝑐(𝑥) + 𝑗(𝑥, 𝑡) (2.22) 

 

Applying Equations 2.17, 2.20, 2.21 into Equation 2.22, the resulting first-order 

small signal time-dependent current density can be expressed as, 

 

 𝑗(𝑡) = 𝑞𝜇(𝑡)𝑛𝑑𝑐𝑓(𝑥, 𝑡) +  𝜀𝜇(𝑡)𝐹𝑑𝑐

𝜕𝑓(𝑥, 𝑡)

𝜕𝑥
+ 𝜀

𝜕𝑓(𝑥, 𝑡)

𝜕𝑥
 (2.23) 

 

On the right hand side of Equation 2.23, the first term describes the 

ac-field-response of the dc charge density, the second term is the additional 

time-dependent injected current, and the third term is the carrier relaxation 

displacement current. Fourier transform the Equation 2.23 and obtain 

frequency-dependent ac current density j(ω): 

 

 𝑗(𝜔) = 𝑞𝜇(𝜔)𝑛𝑑𝑐𝑓(𝑥, 𝜔) +  𝜀𝜇(𝜔)𝐹𝑑𝑐

𝜕𝑓(𝑥, 𝜔)

𝜕𝑥
+ 𝑖𝜔𝜀𝑓(𝑥, 𝜔) (2.24) 
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Using Equation 2.18, 2.19 and define 𝜇(𝜔) =
𝜇(𝜔)

𝜇𝑑𝑐
, Equation 2.24 becomes: 

 

 𝑗(𝜔) =
3𝜀𝑑1 2⁄ 𝜇(𝜔)

2𝜏𝑑𝑐
[
𝑓(𝑥, 𝜔)

2√𝑥
+

𝜕𝑓(𝑥, 𝜔)

𝜕𝑥
√𝑥] + 𝑖𝜔𝜀𝑓(𝑥, 𝜔) (2.25) 

 

Equation 2.25 can be realized as first-order differential equation with respect to 

f(x,ω), and the solution is: 

 

 𝑓(𝑥, 𝜔) =
𝑗(𝜔)

𝑖𝜔𝜀
(1 −

3𝜇(𝜔)√𝑑

𝑖4𝜔𝜏𝑑𝑐√𝑥
{1 − 𝑒𝑥𝑝 [

−𝑖4𝜔𝜏𝑑𝑐

3𝜇(𝜔)√𝑑
√𝑥]}) (2.26) 

 

The ac voltage νac can be obtained by integrating Equation 2.26 over the organic 

film thickness d: 

 

𝜈𝑎𝑐(𝜔) =
𝑗(𝜔)

𝑖𝜔𝜀
(𝑑 −

3�̃�(𝜔)𝑑

𝑖2𝜔𝜏𝑑𝑐
− 2𝑑 [

3�̃�(𝜔)𝑑

4𝜔𝜏𝑑𝑐
]

2

{1 − 𝑒𝑥𝑝 [
−𝑖4𝜔𝜏𝑑𝑐

3�̃�(𝜔)√𝑑
√𝑥]}) (2.27) 

 

Defining the normalized frequency Ω = ωτdc ,for the device active area equals to 

A, the admittance 𝑌(𝛺) =
𝑖𝑎𝑐

𝜈𝑎𝑐
=

𝐴𝑗

𝜈𝑎𝑐
 can be expressed as: 

 

𝑌(𝛺) =
𝜀𝐴

𝜏𝑑𝑐𝑑
(

𝛺3

−𝑖𝛺2 + 1.5𝛺�̃�(𝛺) + 𝑖2[0.75�̃�(𝛺)]2 {1 − 𝑒𝑥𝑝 [
−𝑖4𝛺
3�̃�(𝛺)

]}
) (2.28) 

 

, which is the frequency-dependent electrical response of the organic tested layer. 

 

 Figure 2.4 demonstrates the frequency dependent capacitance characteristic 

of organic semiconductors under an applied dc voltage, which can be isolated into 
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three parts: (Regime I) f >> fr, (Regime II) f ≈ fr, and (Regime III) f << fr. Each 

regime will be explained one by one from high frequency to low frequency. In 

regime I, injected charge cannot injected into the organic layer due to the high ac 

frequency, the capacitance measured equals to geometric capacitance (Cgeo = 

ε0εrA/d). In regime II, measured capacitance dropped due to the successful 

injection of charges. If the material is non-dispersive (Ω<<1), according to 

Equation 2.28 the capacitance will drop towards 0.75Cgeo maintains in the next 

regime (lower frequency). If the material is dispersive, then minimum capacitance 

shall be larger than 0.75Cgeo. The rise of capacitance for dispersive materials in 

regime III is due to the trap-and-release of carriers from traps. 

 

 The negative differential susceptance –ΔB from capacitance 

-against-frequency plot was used to extract the carrier mobility, 

 

 −𝛥𝐵 =  −2𝜋𝑓 (𝐶 − 𝐶𝑔𝑒𝑜) (2.29) 

 

The frequency (fr) where maximum point of –ΔB is used to calculate the average 

charge carrier transit time (τ = 0.56/fr), and thus the carrier mobility (µ) at certain 

applied voltage (V) can be obtained. 

 

 µ =
𝑓𝑟𝑑

2

0.56 𝑉
 (2.30) 
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Figure 2.4 (Upper plot) Frequency-dependent capacitance; (Lower plot) 

Frequency-dependent negative susceptance, which can be 

calculated from Equation 2.29. The dispersive and non-dispersive 

conditions are labeled. 
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2.3 Organic Photovoltaic (OPV) Cells 

 

2.3.1 Mechanism and Working Principles 

 

 Organic photovoltaic converts solar energy into electrical energy. Four steps 

are involved.
[6]

 Step 1: The electron donor material, which usually has a strong 

optical absorption than the acceptor, absorbs sunlight with energies larger than its 

bandgap. Electrons are excited to the LUMO of the donor, and simultaneously 

holes are created in the HOMO. An electron in the LUMO and a hole in the 

HOMO tend to pair up by Coulomb force to form a bound electron-hole pair 

know as an exciton. Step 2: As excitons are mainly created in donors, there is a 

concentration difference of excitons between the donor and donor-acceptor (D-A) 

interface, such a concentration gradient will drive the excitons to diffuse towards 

the D-A interface. Step 3: Once an exciton arrives at the D-A interface, there is a 

possibility that the exciton will dissociate, as the LUMO of acceptor is lower than 

that of donor. In other words, the electron-hole pair is broken apart. Step 4: After 

charge separation, the internal electric field will drive the carriers through the 

corresponding domains to their corresponding electrodes, and together electrons 

and holes contribute to an electric current.  
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Figure 2.5 Schematic diagram showing the four steps involved in an operating 

OPV device under short-circuit condition. 
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2.3.2 Solar Radiation Spectrum 

 

 OPV devices are characterized under the so called “Air Mass 1.5 Global 

(AM 1.5G)” solar spectrum. This spectrum is adopted by the American Society 

for Testing and Materials (ASTM) "because they are representative of average 

conditions in the 48 contiguous states of the United States".
[7]

 To be more precise, 

this spectrum is chosen for a 37° tilted solar panel illuminated by the sun 48.2° off 

the normal. The value 1.5 is the AM coefficient, which defines the ratio of the 

optical path to the zenith path length, i.e.: 

 

 AM coefficient =
𝐿

𝐿0
≈

1

cos 𝑧
 (2.31) 

 

, where L is the optical path length to atmosphere, L0 is the zenith path length, and 

z is the angle between the incident radiation and the normal to the Earth’s surface. 

An exceptional case is “AM 0”, which actually represents the solar spectrum 

outside the atmosphere. The word “Global” means the final spectrum that shines 

on the solar cells includes the direct radiation from the sun, plus additional 

reflected and diffused scattered sunlight from sky and surroundings. The light 

intensity of AM 1.5G spectrum equals to 100 mW/cm
2
. Figure 2.6 (a) provides an 

illustration of the concept AM. 
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Figure 2.6 (a) Schematic diagram illustrating AM1.5 solar spectrum. (b) An 

AM 1.5G spectrum. The data are obtained from National 

Renewable Energy Laboratory (NREL).
[8]
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2.3.3 Current-Voltage (J-V) Method 

 

 Current-voltage (J-V) measurement method is the most popular 

characterization method to analyze OPV device performances. The tested device 

is illuminated under AM 1.5G solar spectrum, and the current response under 

applied voltage, or usually known as J-V curve, will be recorded. Figure 2.7 

shows a typical J-V curve of an OPV device, which can be characterized by three 

important points. (1) The short-circuit current density (Jsc), which located at the 

y-intercept. The short-circuit current is due to the charge carriers transporting to 

corresponding electrodes under the built-in electric field; (2) The open-circuit 

voltage (Voc), which is the x-intercept of the curve. This point corresponds to zero 

electric field inside the devices; (3) The point that generates maximum power 

output (Pmax = Vmax Jmax), where the x and y value are denoted as Jmax and Vmax 

respectively. The power conversion efficiency (PCE), the most important 

parameter, is defined as: 

 

 𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝑃𝑖𝑛
 (2.32) 

 

, where Pin is the incident power. The PCE can also be expressed by another term 

called “fill factor (FF)”; it defines the ratio of the maximum power from the OPV 

device to the product of Jsc and Voc, such that: 

 

 𝑃𝐶𝐸 =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑖𝑛
 (2.33) 
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Figure 2.7 Typical J-V characteristic of an OPV device. 
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2.4  Basic Principles of Photothermal Deflection Spectroscopy (PDS) 

  

 Defects generally introduce additional energy states within the energy gap of 

an organic semiconductors. So, they behave generally as charge traps. Defects can 

be divided into two categories: extrinsic and intrinsic defects.  Extrinsic defects 

may be due to residual impurities from synthesis or unintentional dopants (oxygen 

and moisture) from the ambient.
[9]

 Intrinsic defects can arise from structural 

disorders and grain boundaries. Traps can affect the device in several ways. First, 

the trapped charges lead to undesirable carrier recombination. Energy is wasted in 

the form of heat rather than electricity. Second, the presence of traps will reduce 

the carrier mobility, which essentially shortens the carrier drift length. This will 

impact directly on the maximum thickness of active layer of OPV cells for 

efficient charge collection. Identifying and quantifying traps in a semiconductor 

material is therefore of clear importance as it will provide a critical criterion for 

evaluating the quality of the material. 

 

 Photothermal deflection spectroscopy (PDS) is a highly sensitive technique to 

detect sub-gap absorption of organic materials.
[10]

 PDS is a contact-free technique, 

and it is independent of the interfaces at the electrodes and thus can detect traps 

directly. The basic operation principle of PDS can be described by the mirage 

effect. The sample under investigation is immersed in a deflection fluid. A 

modulated light source with tunable wavelength shines on the sample surface. 

Once there is suitable energy level for light absorption, the heat released 

following optical absorption results in a temperature rise of surrounding fluid, and 

in turn changes the refractive index of fluid. The periodic change in refractive 

index in the fluid is then detected by a probe laser. When the absorbance of 
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sample is small, the deflection angle is proportional to the absorbance of the 

sample. A detailed experimental setup is discussed in Section 3.3.1. 

 

 Integrated intensity of the subgap absorption can yield information on the 

distribution and density of traps. From PDS spectra, two important parameters can 

be obtained: defect density and Urbach energy of the sample. The Urbach 

empirical rule states the spectral dependence of the absorption coefficient (α) and 

the photon energy (hν), which is given by: 

 

 𝛼 = 𝛼0 𝑒𝑥𝑝 (
ℎ𝜈 − 𝐸𝑔

𝐸𝑢
)      for  𝐸 <  𝐸𝑔 (2.34) 

 

where α0 is a constant and Eu is the Urbach energy, the energy of the band tail. 

The Urbach energy can be interpreted as the width of the band tail due to localized 

states in disordered materials.
[11]

 The defect density of the active layer material (N) 

below the Urbach tail can be estimated from optical sum rule:
[12]

. 

 

 𝑁 =
𝑐𝑛𝑚

2𝜋2ħ𝑒2
∫𝛼𝑒𝑥(𝐸) 𝑑𝐸 (2.35) 

 

where c the speed of light, n the refractive index, m the mass of electron, e the 

elementary charge, ħ the Plank constant, and αex denotes the sub-bandgap 

absorption subtracted by the Urbach absorption. (αex(E) = α(E) – αu(E)). 
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Figure 2.8 Schematic diagram showing how mirage effect occurs in a PDS 

measurement. 
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2.5  Basic Principles of Grazing-Incidence X-ray Scattering (GIXS)  

 

 The heart of an organic semiconductor device includes a complex geometric 

arrangement of molecules in multiphases. The existence of different phases is 

highly sensitive to the molecular structure, fabrication process, and environment. 

In order to obtain an optimized efficiency, one has to control a broad range of 

length scales simultaneously (10
-10

 to 10
-2 

m). However it still remains an 

outstanding challenge to manipulate individual phases into the optimized 

configuration, which provides the best condition for exciton dissociation and 

diffusion, and charge transportation in OPV devices. The size scales and relevant 

morphological features are outlined in Figure 2.9. In this thesis the range of 0.1 to 

100 nm will be focused. 

 

Grazing-Incidence X-ray Scattering (GIXS) is a powerful tool to look into 

this length scale, and can be subdivided into two techniques: Grazing-incidence 

wide-angle x-ray scattering (GIWAXS) and Grazing-incidence small-angle x-ray 

scattering (GISAXS). In GIXS, a substrate with high dielectric constant is used 

(e.g: SiO2 wafer) and the organic layer for investigation is deposited on the top. 

An X-ray with a very small incident angle hits the surface of the sample and part 

of X-ray is scattered by the periodic planes of organic molecules. The small 

incident angle is to ensure the total internal reflection occurs at the 

organic-substrate surface such that the correct layer is being probed. The 

constructive interference of the reflected X-rays provides a strong signal on a 2D 

detector. Before the development of 2D detectors, a point detector is used to 

collect data in serial scans. This requires a longer acquisition time on a small 

diffracting volume, and the main drawback is the damage of the organic film. A 
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2D detector provides a rapid measurement over a large range of scattering angles, 

in situ and time-resolved morphological probing becomes possible. The 

sample-detector distance determines the range of detected scattering angle, 

according to simple trigonometry. GIWAXS adopts a distance of 0.3 – 1 m, while 

in GISAXS the distance is 1 – 4 m.
[13]
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Figure 2.9 Size scales and relevant morphological features in organic 

semiconductor devices. Adapted from Ref. 13. 
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Figure 2.10 Schematic diagram showing the geometries for Grazing-Incidence 

Wide-Angle X-ray Scattering (GIWAXS), and Grazing-Incidence 

Small-Angle X-ray Scattering (GISAXS).  
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Below, the basic concepts of X-ray scattering will be reviewed first. A 

particle with a wavevector 𝑘𝑖
⃗⃗  ⃗ and an angular frequency 𝜔𝑖 is allowed to strike a 

flat sample. Subsequently, the particle is scattered away with a final wavevector 

𝑘𝑓
⃗⃗⃗⃗  and an angular frequency 𝜔𝑓 through an angle of 2θ. (Figure 2.11) For the 

case of elastic scattering, the wavelength and magnitude of both wavevectors 

remain the same: 

 

 |𝑘𝑖
⃗⃗  ⃗| = |𝑘𝑓

⃗⃗⃗⃗ | =
2𝜋

𝜆
 (2.36) 

 

The momentum transfer during scattering is defined as 𝑞 , which is a vector in the 

reciprocal space which can be regarded as the Fourier transform of real space. 

Since 𝑘𝑖
⃗⃗  ⃗ and 𝑘𝑓

⃗⃗⃗⃗  have the same magnitude, the head and tail of 𝑞  must lie on the 

surface of a sphere with radius 2π/λ. The sphere is called the Ewald sphere. Using 

simple trigonometry, the magnitude of 𝑞  can be found: 

 

 |𝑞 | =
4𝜋

𝜆
sin 𝜃 (2.37) 

 

For the case of constructive interference (Bragg condition), 

 

 |𝑞 | =
2𝜋

𝑑
 (2.38) 

where d is the lattice spacing. 
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For any lattice in the real space, the periodicity in the structure can be written 

mathematically as: 

 

 𝛽(𝑟 ) = 𝛽(𝑟 + 𝑛1𝑎 + 𝑛2�⃗� + 𝑛3𝑐 ) (2.39) 

 

where 𝑟  is the lattice position, 𝑎 , �⃗� , 𝑐  are unit vectors, and ni are integers. In 

reciprocal space, Equation 2.38 can be expressed by a reciprocal lattice vector 𝑞 : 

 

 𝑞 = ℎ𝑎∗⃗⃗⃗⃗ + 𝑘𝑏∗⃗⃗  ⃗ + 𝑙𝑐∗⃗⃗  ⃗ (2.40) 

 

where 

 𝑎∗⃗⃗⃗⃗ = 2𝜋
�⃗� × 𝑐 

𝑎 ∙ (�⃗� × 𝑐 )
 (2.41) 

 𝑏∗⃗⃗  ⃗ = 2𝜋
𝑐 × 𝑎 

𝑎 ∙ (�⃗� × 𝑐 )
 (2.42) 

 
𝑐∗⃗⃗  ⃗ = 2𝜋

𝑎 × �⃗� 

𝑎 ∙ (�⃗� × 𝑐 )
 

(2.43) 

 

Thus, according to Equations 2.38 and 2.40, the real space can be reconstructed 

from X-ray diffraction data, which is represented in reciprocal space. First, the 

position of diffraction peaks (values of q) provides information on the lattice 

spacing. The shape of diffraction peaks can be used to determine the alignment 

and the shape of lattice. Details will be discussed in the next section. 
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Figure 2.11 Schematic diagram showing how an incoming X-ray beam 

undergoes elastic scattering, represented in the real space (top) and 

the reciprocal space (bottom).  
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2.5.1 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) 

 

 GIWAXS provides the morphological details of sample in the range of 0.1 – 

1 nm. Figure 2.12 illustrates the possible GIWAXS diffraction patterns and the 

corresponding interpretation. The diffraction patterns are usually plotted as qz 

against qxy, where qz is parallel and qxy is perpendicular to the surface nomal. For 

those lattices with a perfect edge-on (face-on) orientation with a constant lattice 

spacing, there should be a strong peak along the qxy (qz) axis. Once the edge-on 

(face-on) orientation becomes slightly disorder, the diffraction peak spreads to the 

both sides while maintaining the same distance to the origin. A semi-circle 

diffraction pattern meaning that the material is totally amorphous. Figure 2.13 (a) 

illustrates a GIWAXS 2D pattern of P3HT coated on silicon substrate. The peak at 

qz ~0.4 Å
−1

 corresponds to the (100) lamellar spacing of ~1.6 nm; the peak at qxy 

~1.6 Å
−1

 corresponds to the (010) aromatic (π-π) spacing of ~0.4 nm. Hence the 

P3HT orientation as drawn in Figure 2.13 (b) can be deduced. 
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Figure 2.12 General interpretations of GIWAXS 2D diffraction patterns and 

their relationship to the film morphologies. 
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Figure 2.13 (a) 2D GIWAXS pattern of P3HT on silicon wafer, (b) Schematic 

diagram of an ideal orientation of P3HT film. Adopted from Ref. 

14. 
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2.5.2 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) 

 

 Compared to GIWAXS, Grazing-Incidence Small-Angle X-ray Scattering 

(GISAXS) is a less frequently used technique, mainly due to its lower 

signal-to-noise ratio. However the peak intensity from the GISAXS 2D pattern 

contains information about the size and the distance between two phases in 

bulk-heterojunction in the scale size of 10 - 100nm, which is exactly the details 

that GIWAXS cannot provide. A typical qxy linecut of 2D GISAXS is shown in 

Figure 2.14 (a), the scattered intensity with smaller qr (left hand side) is 

contributed by the scattering from large domains, and those with larger qr (right 

hand side) contributed by scattering from smaller domains. In other words, under 

a fixed density of mass, if there are more large domains, there will be an increase 

of scattering intensity on smaller value of qr but a decrease intensity in larger qr. 

[Figure 2.14 (b)] The 2D GISAXS pattern can be imagined as a dagger, the 

shorter and wider the dagger is, the more number of large domains.  

 

 Generally in organic BHJs, it is assumed that there exists two phases: a 

polymer-fullerene mixed phase and a pure fullerene phase. The following 

equation can be used to simulate those two domain sizes based on the measured 

scattering intensity I(q):  

 

 𝐼(𝑞) =
𝐴1

[1 + (𝑞𝜉)2]2
+ 𝐴2⟨𝑃(𝑞, 𝑅, 𝑧)⟩𝑆(𝑞, 𝑅, 𝜑) + 𝐵 (2.44) 

 

where A1 is a fitting parameter, ξ is the average correlation length, A2 is a function 

of fullerene cluster volume fraction and scattering contrast, ⟨𝑃(𝑞, 𝑅, 𝑧)⟩ is the 

form factor of spheres with average radius R following Schultz size distribution, 
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𝑆(𝑞, 𝑅, 𝜑) is a structure factor of fullerene spheres under Percus–Yevick 

approximation, and B is a constant.
[15-17]

 In short, the first term on the left hand 

side of Equation 2.44 is originated from the mixed phase, the second term from 

the pure fullerene phase, and the third term from the background. 
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Figure 2.14 (a) A typical GISAXS qr linecut curve. (b) Illustration of the 

relationship between curve shape of domain sizes. The drawing 

with shaded purple circles represents a film with predominantly 

large domains while the drawing with red filled circles represents a 

film that has fewer large domains. Next to them are the 

corresponding 2D GISAXS patterns. 
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Chapter 3 

Experimental Details 

 

 In this chapter, details of experimental procedures and techniques employed 

in this thesis will be discussed. It includes sample preparation, device fabrication, 

and characterization methods. 

 

3.1 Sample Preparation 

 

3.1.1 Substrate preparation 

 

 Indium tin oxide (ITO) is a highly transparent electrode material used in 

organic semiconductor devices. ITO patterned glass substrates are used for 

fabricating OPV cells and single-carrier transport measurements. The patterns and 

sheet resistances of ITO substrate used for each experiment is listed in Table 3.1. 

All of them were purchased from Tinwell. 

  

 ITO patterned substrates should be cleaned before use. A substrate was firstly 

cleaned by diluted Deconex (Borer Chemie, Deconex 12 PA, Deconex : water 

volume ratio = 1:20) for 10 minutes at around 80 °C. The substrate was then 

cleaned by deionized water, acetone, isopropanol 30 minutes each sequentially in 

ultrasonic bath. The cleaning solvent has analytical reagent (AR) grading. After 

overnight drying in a dust-free environment the substrate was then transferred to 

UV-ozone (UVO) treatment (Jelight UVO cleaner, Model 42-220) for 13 minutes, 

to remove organic contaminants, right before depositing organic layer on the 

top.
[1]
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Devices for 

ITO pattern on substrate 

(highlighted in grey) 

Sheet resistance 

(Ω/□) 

OPV cells 

 

15-20 

JV-SCLC, 

AS 

 

< 15 

 

Table 3.1 ITO substrates used for different experiments and their 

corresponding patterns, dimensions, and sheet resistances. 
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3.1.2 Thin Film Deposition 

 

3.1.2.1 Spin Coating 

 

 Spin coating is a simple technique for thin film deposition in the range of few 

nm to µm. It involves drop-casting a solution of organic material on a rotating 

substrate. The combination of surface tension and the centripetal force stretches 

the liquid into a flat layer. Afterwards, the solvent evaporates and leaves the 

material on the substrate. In general, the final film thickness is inversely 

proportional to the square root of spin speed, i.e. the film thickness is reduced to 

half when the spin speed increases by 4 times.
[2]

 Thermal annealing can be done 

right after spin coating in order to speed up the evaporation of solvent and control 

the molecular alignment with respect to the substrate. A detailed introduction to 

spin coating can be found in Ref. 2. 

 

 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

(Heraeus Clevios™ AI 4083) is a widely used water soluble material to modify 

the work function of ITO.
[3,4]

 PEDOT:PSS is a mixture of two polymers at molar 

ratio 1 : 6. Spin coating of a PEDOT:PSS thin film is outlined below. Before 

casting, the solution should be first filtered by a 0.45 µm polyvinylidenefluoride 

(PVDF) syringe filter. Filtered PEDOT:PSS was spin coated on the cleaned ITO 

glass substrate at 7000 RPM for 1 minute. It was then dried on a hot plate at 150 

°C for 10 minutes for complete removal of water, resulting a film thickness of 30 

nm. To avoid moisture absorption, the coated substrate should be transferred to N2 

filled glove box or vacuum oven immediately after thermal annealing. 
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Spin coating technique is also usually used in the deposition of organic thin 

films. Organic solvents such as chloroform (CF), chlorobenzene (CB), and 

1,2-dichlorobenzene (DCB) are widely used to dissolve the active layer materials. 

The organic materials should be stored in N2 filled glove box to prevent oxidation 

and reaction with moisture. The weighted material is placed into vial together with 

a magnetic stirrer, dissolved with the appropriate solvent and temperature in glove 

box overnight. Spin coating should be done in N2 filled glove box (Vigor, Model 

SG1200/750TS). Polytetrafluoroethylene (PTFE) syringe filter should be used to 

filter organic solvents before use. The thickness of a spin coated film is measured 

ex suit by a profilometer (Veeco, Dektak 150). Details such as solution 

concentration, spin speed, annealing temperature for each devices will be 

provided in their corresponding chapters. 
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Figure 3.1 (a) Chemical structure of PEDOT:PSS, (b) Schematic diagram of 

solution filtering and thin film spin coating. 
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3.1.2.2 Thermal Evaporation 

 

 For metals, metal salts, metal oxides and organic materials that have low 

solubility in solvents, thermal evaporation is an alternative way for thin film 

deposition. The hot source material is evaporated in high vacuum (< 10
-6

 mbar), 

which allows the vaporized material to travel in a straight line before hitting the 

substrate. Two thermal evaporators are used for coating different materials. For 

organic small molecules, Denton Model DV-502 V is used. Edwards AUTO 306 is 

used for coating metals and metal slats. A schematic diagram of a thermal 

evaporation machine is shown in Figure 3.2. Diffusion pump (DP) is used to 

achieve high vacuum in the thermal evaporator. Liquid nitrogen should be 

introduced into the cold trap before the DP is opened to the chamber to avoid DP 

oil contamination. The deposition rate of materials is controlled by the power 

supply. Metal boats or baskets, which are used to house the material sources 

(model numbers listed in Table 3.2), should be pre-heated before use to remove 

residuals. The substrate is covered by shadow masks with different geometries 

which define the final active area. Dimensions of shadow masks and final 

geometries of various devices are shown in Table 3.3 and 3.4 respectively. The 

instantaneous coating rate and thickness are monitored by a quartz crystal sensor. 
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Figure 3.2 Schematic diagram of thermal evaporator. 
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Materials Conducting containers 

Organic small molecules Molybdenum boats 

Aluminum R.D. Mathis, ME11-3x.025W 

Gold, Lithium fluoride R.D. Mathis, B12B-3X.030W 

 

Table 3.2  Conducting containers for different thermal evaporating materials. 

 

 

 

 

 

Figure 3.3 Dimensions of molybdenum boats, which separated into three parts. 

(designed by S.C. Tse) 
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Figure 3.4 Dimensions of (a) tungsten filament and (b) basket for thermal 

evaporation. Pictures adopted from Ref. 5.  
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Number Experiment ITO pattern on substrate 

(I) OPV cells 

  

(II) 
JV-SCLC, 

AS 

   

(III) 
JV-SCLC, 

AS 

 

 

Table 3.3 Shadow mask designs for different experiments. All dimensions are 

in mm. 
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Experiment 
Device 

configurations 

Shadow 

mask used 

Device 

geometry 

Number 

of devices 

Active 

area (cm2)  

OPV cells 

 

(I) 
 

4 0.108 

Hole-only 

JV-SCLC, 

AS 
 

(III)  4 0.015 

Electron-only 

JV-SCLC, 

AS 
 

(II) 

+ 

(III) 

 
4 0.028 

 

Table 3.4 Sample configurations of different devices. Shaded pale red area 

represents the spin-coated organic layers. 
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3.2 Device Measurements 

 

This section presents the experimental details of solar cell measurements and 

charge carrier transport measuring techniques. 

 

3.2.1 Organic Photovoltaic (OPV) Cell Measurement 

 

 The experimental setup is shown in Figure 3.5. The solar simulator 

(Newport, Model 96000 150W) equipped with an AM 1.5G filter (Newport, 

Model 81094), provides the correct light spectrum for measurement.
[6]

 In order to 

maintain stable light illumination, the electrical power source should be fixed at 

150 W. An optical density (OD) filter (Edmund Industrial Optics) is placed in 

front of the AM 1.5G filter to ensure the light intensity is maintained at 100 

mW/cm
2
. The light intensity is calibrated by power meter. (Thorlabs, Model 

PB1000D) The OPV cell under measurement is covered by a shadow mask, with a 

hole that has the size just to cover the active area of OPV cells. With this 

precaution, only one device on the substrate is illuminated for each measurement; 

it also prevents the overestimation of device performance and photo/thermal 

decay of OPV cell.
[7,8]

 In addition, the masked OPV device is placed on a position 

alignment stage and connected to a Sourcemeter®  (Keithley Instrument, Model 

2400) for measuring current density-voltage (J-V) characteristic. OPV device 

parameters such as short circuit current (Jsc), open circuit voltage (Voc), fill factor 

(FF) and power conversion efficiency (PCE) can be obtained from such J-V 

measurements. The principles were discussed in Section 2.3.3 previously. 
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(a) 

 

(b) 

 

 

Figure 3.5 (a) Schematic diagram and (b) experimental setup for OPV devices 

measurements. 
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3.2.2 Carrier Transport Measurement Techniques 

 

 Details of carrier transport measurement techniques, including 

current-voltage (J-V) measurement and admittance spectroscopy (AS) will be 

discussed in this section. Single-carrier device (hole-only or electron-only) was 

employed to measure carrier transport. For hole-only device, 

ITO/PEDOT:PSS/organic layer/spiro-TPD:CuPc/Au structure was used, where 

spiro-TPD:CuPc acted as a electron blocking-trapping layer.
[9]

 The electron-only 

device has a structure of ITO/Al/organic layer/LiF/Al. The bottom Al layer acted 

as a hole-blocking layer. A thin layer of chlorobenzene was spin coated firstly to 

promote the contact between Al and organic layers. (Figure 3.6) 

 

All samples were mounted on a thermal conductive sample holder and placed 

inside a cryostat (Oxford Instruments, Optistat DN-V). The temperature of a 

sample was regulated by a temperature controller (Oxford Instruments, ITC 502) 

under vacuum conditions (<10 mbar). (Figure 3.7) Temperature dependent 

mobility measurement requires two days: one day for cooling down below room 

temperature (RT) and one day for heating up above RT. 

 

 It should be well noted that the “set temperature” by temperature controller 

cannot reflect the true temperature of the sample. (Figure 3.8) The sample 

temperature should be calibrated by a thermal couple with direct contact to the 

substrate. During temperature dependent measurement, a 10 K step of the sample 

is suggested. After each step, a waiting time of 35 minutes is required before the 

start of the next measurement to ensure the sample has reached a stable 

temperature.
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Figure 3.6 Schematic diagram of carrier transport device structure, 

thicknesses, and functionalities; chemical structures of some layers 

are included. 

, 
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Figure 3.7 Schematic diagram of temperature dependent carrier transport 

measurements inside the liquid N2-cooled cryostat. 
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Figure 3.8 Relation between the set temperature and real temperature of the 

samples inside the Oxford cryostat during temperature dependent 

carrier transport measurements. 
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Set Temperature (K) Real Temperature (K) 

80 226 

110 235 

140 245 

170 252 

200 261 

230 270 

260 279 

290 290 

320 302 

350 314 

380 327 

410 339 

 

Table 3.5 Data points shown in Figure 3.6. 
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3.2.2.1 Current-Voltage (J-V) Measurement 

 

 The single-carrier device is connected to a Source Measure Unit (Keithley 

Instruments, Model 236 SMU), which provides different dc voltages to the tested 

sample. The J-V response of the device is detected by the SMU and recorded by a 

computer program. Figure 3.9(a) shows the experimental set up. The J-V 

response is further analyzed by the space-charge-limited-current (SCLC) method 

to extract zero-field carrier mobility (µ0) and field-dependent parameters (β). 

Fitting details were discussed in Section 2.2.3. 

 

3.2.2.2 Admittance Spectroscopy (AS) 

 

 An ac modulation with 50 mV amplitude from impedance analyzer (Hioki, 

Model 3535-50 LCR meter) was superimposed on a direct current bias voltage 

(Manson Engineering Industrial, Model DPS-3030) to obtain the AS signal. 

[Figure 3.9(b)] The capacitance of the sample is measured under the frequency 

range of 42 Hz to 5 MHz. AS signals are recorded by a computer program and can 

be used to extract field dependent charge carrier mobility as discussed in Section 

2.2.4.  
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Figure 3.9 Schematic diagram of (a) J-V measurement, and (b) admittance 

spectroscopy set up. Suitable electron/hole blocking layer should 

be inserted between the organic layer and electrode. 

  



72 
 

3.3 Sample Characterizations 

 

3.3.1 Photothermal Deflection Spectroscopy (PDS)
*
 

 

 PDS samples were prepared on a 15 mm × 5 mm × 1 mm quartz. A 1 kW 

Xenon arc lamp (Newport, Model 66921) and a 1/4 m grating monochromator 

(Oriel, Model 77200) were employed as the tunable pump light source. Selective 

combination of grating and long-pass filters were used to enhance the pump beam 

power and block second-orders from the monochromator. (Listed in Table) The 

pump beam was modulated at 13 Hz by a mechanical chopper before irradiating 

on the sample. All samples were immersed in perfluorohexane (Strem Chemicals, 

98+% purity), contained in a 10 mm × 10 mm × 45 mm quartz sample cell. The 

sample cell is mounted on a positional stage (Edmund Scientific) for further 

alignment. 

 

A HeNe laser (Uniphase, Model 1103P) was directed parallel to sample 

surface as the probe laser. A quadrant cell (Temic, Model S239P) connected to 6V 

reverse bias was used as the position sensor for monitoring the photothermal 

deflection signal of the probe beam. The pump beam was focused by lenses before 

directing onto the sample. The dimension of pump beam is around 1.5 mm × 4 

mm. The output of the detector was fed into a lock-in amplifier (Stanford 

Research, Model SR830) for phase-sensitive measurements. All PDS spectra were 

normalized to the incident power of the pump beam, which was measured by a 

thermal power sensor (Thorlabs, Model S310C). The experimental apparatus can 

be found in Figure 3.10. The whole set up was mounted on an air-damped 

                                                      
*
 The PDS measurements and analysis were carried out by fellow student Mr. Sin Hang Cheung. 
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vibration isolation optical table. (Newport, Model RS 3000)  

 

Alignment and noise shielding are critical factors for a high signal-to-noise 

ratio in a PDS experiment. The following precautions should be noted: (1) To 

maximize the PDS signal, the probe beam should be positioned as close to the 

sample surface as possible, but without striking on it. (2) The deflection fluid 

should be filtered before use in order to remove small particles which may 

generate undesirable scatter of light. (3) The minimum detected signal is of the 

order of µV. Thus the central part of the setup was enclosed by a metal box. 

Nearby electronic machine (mechanical pumps, computers, and analyzers) should 

be turned off to minimize the background noises. Besides electronic noise, the box 

also isolated the sample from ambient air disturbance. Thus, its installation during 

PDS measurement is highly recommended. 
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Figure 3.10 Schematic diagram of photothermal deflection spectroscopy setup. 
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Pump beam 

wavelength (nm) 
Grating used 

Long-pass filter (LpF) 

used 

350-590 
1200 lines/mm 

(Oriel, Model 77232) 

No filter needed 

600-890 
500 nm LpF 

(Oriel, Model 59494) 

900-1390 
600 lines/mm 

(Oriel, Model 77234) 

800 nm LpF 

(Oriel, Model 59494) 

1400-2000 
300 lines/mm 

(Oriel, Model 77235) 

1250 nm LpF 

(Reynard Corporation) 

 

Table 3.6 Combination of gratings and long-pass filters at different pump 

beam wavelength region. 
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3.3.2 Grazing Incidence X-ray Diffraction (GIXRD)
†
 

 

 GIXRD is a useful technique to probe the ordering of organic materials with 

respect to substrate. In this thesis all organic materials were spin coated with 

thicknesses less than 200 nm on SiO2 wafer (around 25 mm ×25 mm) for GIXRD 

measurements. It is executed by an X-ray diffractometer (Rigaku, Model 

SmartLab) in Department of Physics and Materials Science, City University of 

Hong Kong. The sample is placed on an X-Y-Z adjustable holder and irradiated by 

a Cu Kα X-ray source (45kV, 100 mA) with 1.54 Å  wavelength. The incident 

angle of the X-ray source (θi) is fixed while the detector scan angle (2θ) ranges 

from 3° to 45°. A graph of diffracted X-ray intensity against 2θ is used present the 

measurement. There are two considerations to determine a suitable value of θi for 

measurement. (1) It should be slightly above the critical angle of the organic thin 

film, but below the critical angle of silicon substrate. (2) The value of θi also 

controls the illuminate area and the penetration depth of the incident X-rays. As 

shown in Figure 3.11, lowering the θi will increase the detected area but decrease 

the penetration depth, and vice versa. 

  

                                                      
† GIXRD was carried out in Surface Analysis & Material Characterization Laboratory, Hong 

Kong Baptist University 
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(a) 

 

 

(b) 

 

 

Figure 3.11 (a) Schematic diagram of grazing incidence x-ray diffraction setup. 

(b) The effect of the X-rays incident angle on the illuminated area 

and the penetration depth on the sample. 
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3.3.3 Grazing-Incidence X-ray Scattering (GIXS)
‡
 

 

 Grazing-Incidence X-ray Scattering (GIXS) includes Grazing-Incidence 

Wide-Angle X-ray Scattering (GIWAXS) and Grazing-Incidence Small-Angle 

X-ray Scattering (GISAXS). Both measurements adopted the same structure of 

sample. OPV BHJ layer (~100 nm) is spin coated on top of PEDOT:PSS 

precoated silicon dioxide wafer for measurements. GIWAXS and GISAXS were 

carried out at BL23A1 of National Synchrotron Radiation Research Center, 

Hsinchu. The energy of the X-ray source was 10 keV (wavelength of 1.24 Å ) and 

the incident angle was 0.15°. 

  

                                                      
‡
 Grazing-incidence X-ray scattering was carried out by Mr. Tsz-Ki Lau in Prof. Xinhui Lu’s 

group from the Chinese University of Hong Kong. 
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Chapter 4 

Impact of Solvent Additive on Carrier Transport in Polymer : 

Fullerene Bulk Heterojunction Photovoltaic Cells
§
 

 

4.1  Introduction 

 

 In most of the high power conversion efficiency (PCE) fullerene-based 

organic photovoltaic (OPV) devices, solvent additives are always needed into the 

casting solution containing the bulk heterojunction (BHJ).
[1-3]

 A well-known 

example is employing solvent additive 1,8-diiodooctane (DIO) into the BHJ blend 

of PTB7:PC71BM.
[4]

 With 3 vol% DIO in chlorobenzene (CB) as the casting 

solvent, PTB7:PC71BM OPC device can achieve a PCE of > 7%. In stark contrast, 

PCE < 4% when only pure CB is used. 

 

 Prior of this thesis work, the effects of DIO on nano-scale morphology has 

been intensively investigated. Various characterization tools such as X-ray 

scattering,
 

transmission electron microscopy (TEM),
 

scanning electron 

microscopy (SEM), atomic force microscopy (AFM), have been applied. DIO was 

found to suppress the fullerene self-aggregation, also promote an optimized 

mixing of donor and acceptor for favorable device performance.
[4-9]

 Despite these 

morphological insights, there are inadequate studies on the charge transport 

properties. 

 

In this chapter, the fundamental issue of how DIO affects electron and hole 

transport properties in PTB7:PC71BM BHJ films was studied. The DIO mainly 

                                                      
§
 Parts of this Chapter has be published in Adv. Mat. Interfaces. 2015, 2, 1500166. 
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enhances the electron mobility (μe) but shows little effects on the hole mobility 

(μh). In the absence of DIO, μe and μh are highly imbalanced, where μh is 1.5 

orders of magnitude larger than μe. At the optimized DIO concentration (3 vol%), 

the balance of μh and μe leads to a best device PCE of 7%. Further increase in DIO 

beyond 3 vol% further enhances μe and only leads to a minor reduction in device 

performance. Our carrier transport results suggest that the solvent additive DIO 

only modifies the size of fullerene domains in the BHJ blend. With smaller 

domain sizes, fullerene molecules are better connected and thus the average 

hopping distances for electrons is reduced, which in turn enhances the average 

electron mobility and device PCE. The hole mobility is the main hurdle of the 

device performance. 
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4.2  Experimental Details 

 

 PTB7, PC71BM, CB, DIO, Spiro-TPD, PEDOT:PSS was purchased from 

1-Material, Nano-C, Sigma-Aldrich, Tokyo Chemical Industry Co., Luminescence 

Technology, Heraeus respectively. These materials were used as received. CuPc 

was purchased from Sigma-Aldrich, and was purified by sublimation before use. 

The chemical structures are listed in Figure 4.1. 

 

For the OPV devices, a structure of ITO/PEDOT:PSS/PTB7:PC71BM/LiF/Al 

is employed. ITO pre-patterned glass substrate was firstly cleaned by deconex for 

10 mins at 120°C. It was then cleaned by deionized water, acetone and 

isopropanol in ultrasonic bath sequentially for 30 mins, followed by 13 mins 

uv-ozone treatment. PEDOT:PSS was spin coated on the cleaned substrate, 

forming a 30 nm anode buffer layer, followed by a 140°C annealing for 10 mins in 

air. 25 mg/mL PTB7:PC71BM (1:1.5 mass ratio) BHJ blend were dissolved in CB 

and various concentration (0 - 10 vol%) of DIO. The solution was stirred at 70°C 

overnight before use, then spin coated on top of PEDOT:PSS layer in a N2 filled 

glove box to form a ~100 nm BHJ layer. The sample was annealed at 40°C inside 

the glove box overnight, then transported into a thermal evaporator to coat LiF (1 

nm) and Al (130 nm) on the BHJ layer under high vacuum. Solar cell was 

characterized by AM 1.5 G simulator with an intensity of 100 mW cm
-2

. 

 

For carrier transport measurements, the electron-only and hole-only device 

structures are similar to the OPV device.  For the electron-only devices, the 

PEDOT: PSS layer is replaced by a 50 nm aluminum (Al) film serving as a hole 

blocking layer. Before spin coating the active layer solution, a thin CB layer was 
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spin-coated (1400 RPM, 60s) firstly to promote the contact between Al and BHJ 

blend. For hole-only devices, after annealing active layer overnight, the sample 

was transferred to high vacuum for thermal co-evaporation of a 10 nm 

spiro-TPD:CuPc electron blocking-trapping layer. The coating rate of spiro-TPD 

and CuPc was 4.9 Å /s and 0.1 Å /s respectively. After device fabrication, the 

device was measured in an Oxford cryostat with a pressure of less than 20 mTorr. 

An impedance analyzer (Hioki E. E. Corp., Model 3532-50 LCR HiTESTER) was 

used to measure the admittances of all devices. An alternating current modulation 

of an amplitude of 50 mV was superimposed on a direct current bias voltage to 

obtain the AS signal.  
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(a) 

 

 

(b) 

 

 

 

(c) 
 

(d) 

 

(e) 

 

Figure 4.1 Chemical structures of (a) PTB7, (b) PC71BM, (c) DIO (d) 

copper(II) phthalocyanine (CuPc), and (e) 

N,N'-bis(3-methylphenyl)-N,N'-bis (phenyl)-9,9-spirobifluorene 

(Spiro-TPD). 
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4.3  Results and Discussions 

 

4.3.1 Effects of DIO Concentrations on OPV Devices Performance 

 

 The current-voltage (JV) characteristics of PTB7:PC71BM (1:1.5 by mass) 

BHJ solar cells with different concentrations of DIO were shown in Figure 4.2. 

For clarity, only those prepared without, with 3 vol%, and 10 vol% of DIO in the 

casting solutions were shown. (More details can be found in Table 4.1) All three 

samples show similar open-circuit voltages (Voc) of about 0.76 V. In contrast, 

short-circuit current densities (Jsc) and fill-factors (FF) are markably different. For 

the sample with no DIO, Jsc is only 11.6 mA cm
-2

, and FF is as low as 47.9 %, 

resulting in an overall PCE of only 4.2 %. The Jsc is then markedly increased with 

additional 3 vol% DIO, from 11.6 to 16.5 mA cm
-2

 and a FF of 56.7%. Further 

increasing in the concentration of DIO results in a slight reduction of Jsc to 14.8 

mA cm
-2

 and PCE above 6.7% with 10 vol% DIO, which is still significantly 

higher than the case when DIO is absent. 
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Figure 4.2 Current density-voltage (J-V) characteristic of PTB7:PC71BM OPV 

devices under AM 1.5G illumination. The devices include without, 

with 3 and 10 vol% DIO into the casting solution. 
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DIO (vol%) Jsc (mA cm
-2

) Voc (V) FF (%) PCE (%) 

0 11.6 0.76 47.9 4.2 

0.5 10.9 0.78 50.8 4.3 

1.5 13.8 0.78 54.4 5.9 

3.0 16.5 0.75 56.7 7.0 

6.0 15.1 0.76 60.4 6.9 

10.0 14.8 0.76 59.4 6.7 

 

Table 4.1 Summary of the performances of OPV cells using PTB7:PC71BM 

as active materials for different concentrations of DIO into the 

casting solution. 
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4.3.2 Carrier Mobility Measurements by Admittance Spectroscopy 

 

 Admittance spectroscopy (AS) is used to measure the electron and hole 

mobilities, and probed how DIO modulates the carrier transport properties in BHJ 

thin films. Hole and electron mobilities were measured independently by using 

hole-only and electron-only device. As mentioned in Section 4.2, the structure of 

hole-only device is ITO/PEDOT:PSS/PTB7:PC71BM/spiro-TPD:CuPc/Au, while 

the electron-only device structure is ITO/Al/PTB7:PC71BM/LiF/Al. Typical 

frequency-dependent capacitances of hole-only and electron-only devices are 

shown in Figure 4.3.  

 

The AS-derived carrier mobilities against the square root of electric field 

(F
1/2

) are shown in Figure 4.4. Without DIO in the casting solution, the hole 

mobilities (μh) of the BHJ is almost independent of the electric field with a value 

of about 2 x 10
-4 

cm
2 
V

-1
 s

-1
 measured at room temperature. This is comparable to 

the reported values in the literature.
[4]

 For DIO concentrations varies from 0 to 10 

vol%, there is only a slight fluctuation of μh which are corresponding to μh ≈ 2 × 

10
-4 

cm
2 

V
-1

 s
-1

 and 8 × 10
-5 

cm
2 

V
-1

 s
-1

. On the other hand, electron mobilities 

show a rapid change as the DIO concentration varies. Without DIO in the casting 

solvent, the electron mobilities are in the range of 9 × 10
-6 

cm
2 

V
-1

 s
-1

 to 4 × 10
-5 

cm
2 

V
-1

 s
-1

, and are positively electric field dependent, following roughly the 

Poole-Frenkel law. When 3 vol% DIO is added to the casting solution, μe incrases 

roughly 20 times larger than 0 vol% case. With further increase volume fraction of 

DIO in CB, μe continues to grow. At 10 vol% DIO, μe exceeds 10
-3 

cm
2 

V
-1

 s
-1

.  
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Other than AS measurements, JV measurements with space-charge-limited 

current (SCLC) fitting were also employed on the same samples to evaluate the 

impact of DIO concentrations on the mobilities. Figure 4.5 shows that the 

electron-only devices have much enhanced electron current as DIO concentration 

increases. In summary, DIO in the casting solution strongly favors the transport of 

electrons in the associated BHJ film. 
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Figure 4.3 Frequency-dependent capacitance plots for (a) hole-only and (b) 

electron-only devices without and with 3 and 10 vol% DIO at room 

temperature. The insets show the negative susceptance vs 

frequency plots from which the carrier transit times and mobilities 

are derived. 
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Figure 4.4 Charge carrier transport data derived from AS measurement at 

room temperature. 
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Figure 4.5 J-V characteristics of PTB7:PC71BM at different DIO 

concentrations at room temperature in a semi-log plot. The 

electrons mobilities fitted by SCLC (solid lines) for 0, 3, and 10 

vol% of DIO are 4.6 × 10
-6

, 4.4 × 10
-5

, and 4.2 × 10
-4

 cm
2
V

-1
s

-1
 

which show the same trend as AS measurements. 

  



93 
 

4.3.3 Gaussian Disorder Model Analysis  

 

 To extract further carrier transport behaviors under different DIO 

concentrations, AS measurements were performed at various temperatures 

(226-327 K). From the y-intercepts of Figure 4.4, the zero-field mobilities of 

holes and electrons (μ0,h and μ0,e) at room temperature can be extracted. The 

resulting zero-field mobilities can be analyzed further by the well accepted 

Gaussian disorder model (GDM) by a plot of μ0 vs 1/T
2
 as shown in Figure 4.6. 

According to the GDM, the temperature dependent low field mobilities are related 

to T by: 

 

 𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (
2𝜎

3𝑘𝑇
)
2

] (4.1) 

 

where σ is the energetic disorder, µ∞ is carrier mobility as temperature tends to 

infinity, k represents the Boltzmann constant.
[10]

 Figure 4.6 summarized the GDM 

analysis result of 0 vol%, 3 vol% and 10 vol% DIO BHJ films, the data follow 

Equation 4.1 very well. A GDM analysis demonstration of electron mobility at 3 

vol% DIO is presented in Figure 4.7. At different DIO concentrations, μ0,h barely 

change, which the data overlap in measured temperature range. In contrast, μ0,e 

rise with the DIO volume, the data with 3 vol% of DIO is more than one order of 

magnitude higher than those without DIO. Further increase of DIO to 10 vol% 

results in 2.5 orders of increase in μ0,e. The energetic disorders of holes (σh) and 

electrons (σe) are similar and lie in the range of 86 - 89 meV. To conclude, only 

the electron transport is enhanced by DIO in the casting solution. 

  



94 
 

 

 

 

  

 

Figure 4.6 Temperature dependent zero-field mobilities at different DIO 

concentrations. The dashed and solid lines are the best linear fits to 

the experimental data. The energetic disorders (σh) and 

high-temperature-limited mobilities (μ∞) can be extracted from the 

slopes and the y-intercept of the linear fits respectively. 

  



95 
 

 

 

 

Figure 4.7 (a) Field-dependent electron mobility at 3 vol% DIO concentration, 

measured at different temperatures. The y-intercepts indicates the 

values of zero-field electron mobility. (μ0,e) (b) A plot of μ0,e vs 1/T
2
. 

µ∞ and σ can be calculated form the y-intercept and the slope 

respectively from linear fit. 
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4.3.4 Correlating Carrier Transport to OPV Device Performance 

 

 The correlation between charge transport properties and OPV device 

performances will be establish. The charge transport characteristic from AS and 

PCEs from OPV devices are summarized in Figure 4.8. The volume fractions of 

DIO used in CB are 0, 1.5, 3.0, 6.0, and 10 vol%. Starting from the top, Figure 

4.8 shows (a) high temperature limit of mobilities (μ∞) for both electron (solid 

symbols) and holes (open symbols), obtained by y-intercepts in Figure 4.5, (b) 

zero-field carrier mobilities at room temperature (μ0), (c) energetic disorders (σ), 

and (d) PCEs of the corresponding OPV devices. From Figure 4.8(d), a rapid 

increase in the PCE can be observed within 0 - 3 vol% of DIO, reaching to an 

optimized PCE of 7%. Beyond 3 vol% DIO, the PCE shows only a slight drop to 

6.7% when DIO reaches 10 vol%. From the charge transport data [Figure 4.7(a-c)], 

both μ0,e and μ∞,e have similar trends as the rise in PCE, strongly suggesting that 

improved electron transport is the main factor of the improved PCE after the 

addition of DIO in the casting solution. Such beneficial effects of DIO saturates at 

3 vol%. Beyond that, there is no additional increase in the PCE, despite further 

increase in the electron mobilities. 
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Figure 4.8 Summary plots for transport characteristics and OPV devices 

performances of PTB7:PC71BM BHJ films. From top to down: (a) 

high-temperature-limited mobilities, (b) zero-field mobilities at 

room temperature, (c) energetic disorders, (d) OPV devices PCEs. 
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The optimized OPV device performance at 3 vol% DIO can be explained by 

balanced electron and hole mobilities when a critical value of ~10
-4

 cm
2 

V
-1

 s
-1

 is 

reached. The ratios of electron-to-hole zero-field mobilities at different DIO 

concentrations are presented in Figure 4.9. When μe/μh is within half an order of 

magnitude of difference, this regime is defined to be the “balanced range”. 

According to the ratios and DIO concentrations, it can be separated into three 

regimes. (I) With little or no DIO in the casting solution, charge extraction from 

the OPV cell is limited by electron transport, due to a relatively lower μe ≈ 3 × 

10
-6

 cm
2 

V
-1

 s
-1

. (II) Around 3 vol% of DIO, the resulting BHJ films have nearly 

balanced electron and hole mobilities at a critical value of about 10
-4

 cm
2
 V

-1
 s

-1
. 

The best OPV performance at 3 vol% DIO is in par with the findings by Nguyen 

et al. They claimed that hole and electron mobilities exceeding 10
-4

 cm
2 
V

-1
 s

-1
 are 

the necessary conditions to achieve high FF, and therefore high PCEs.
[11]

 (III) 

Beyond 5 vol% DIO, hole mobility is the limiting factor for charge extraction, 

where μe/μh ≈ 10 when the casting solution has 6 vol% of DIO. From the 

perspective of charge carrier transport, the hole mobility inside the BHJ needs to 

be improved in order to achieve a higher PCE. Improving the morphology and the 

structural order of the polymer donor phase may be the key for improving the hole 

mobility. 
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Figure 4.9 Electron-to-hole mobility ratios at different DIO concentrations, 

which can be separated into three regimes. 
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4.3.5 Impact of DIO on Carrier Hopping Distances 

 

 The high-temperature limited mobility  mentioned in Section 4.3.3 can be 

used to extract morphological information. Previously Blom et al. demonstrated 

that µ∞ can be expressed in the form: 

 

 
𝜇∞ =

𝑒𝜈0𝑎
2

𝜎
𝑒𝑥𝑝 (

−2𝑎

𝐿
) 

(4.2) 

 

where e is the elementary charge, ν0 is the attempt-to-hop frequency, a is the 

charge hopping distance, and L is the localization radius.
[12]

 With sufficient 

thermal excitation, charge carriers can overcome energetic barriers between 

hopping sites with an average distance a. The wavefunction within each site has a 

localization radius L. σ describes the dispersion in site energies. As ν0 and L are 

primarily determined by the material, it is reasonable to assume that they are 

constants among different DIO concentrations. In addition, both energetic 

disorders for electron and hole are very similar and are between 82-89 meV. 

[Figure 4.8(c)] Therefore, within the BHJ system, µ∞ is mainly affected by the 

hopping distance 𝑎.  

 

As shown in Figure 4.8(a), all µh,∞ possess very similar values of ~ 2.2 × 10
-2

 

cm
2 

V
-1

 s
-1

 for different DIO concentrations. However, µe,∞ increases with the 

processing DIO fraction from 3.9 × 10
-4

 to 1.6 × 10
-1

 cm
2 

V
-1

 s
-1

 in the test range. 

The simulation of Equation 4.2 with σ = 88.5 meV, ν0 = 10
14

 Hz, and L = 0.35 nm 

is shown in Figure 4.10. The corresponding hopping distances can be obtained 

graphically and have values of 2.1, 1.1, and 0.5 nm for 0, 3, and 10 vol% of DIO, 
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respectively. Detailed electron hopping distances at different DIO 

concencentration are summarized in Table 4.2. These results reveal that the 

reduction in the average electron hopping distance is the origin of the electron 

mobility enhancement. On the other hand, the average hole hopping distances 

shows no obvious change among 0 – 10 vol% of DIO. The values are comparable 

to values previously derived for polymer networks.
[12]

 They are also consistent 

with the spacing of fullerene molecules which is of the order of 1 nm.
[13]

  

 

Figure 4.11(a-f) shows the morphological data of representative BHJ films 

using atomic-force microscopy (AFM). For no DIO inside the casting solution 

[Figure 4.11 (a) and (d)], images of their BHJ films show that fullerenes form 

large aggregates, and the distances between domains are therefore relatively large. 

In contrast, fullerenes show fewer tendencies to aggregate in higher DIO 

concentrations, and thus the average distance between fullerene domains is 

smaller. Figure 4.11(g) presents the schematic diagram of how DIO additive alters 

the PC71BM aggregations. Without DIO, the PC71BM molecules aggregate into 

large domains, resulting in a larger average hopping distance a. Vice versa, with 

DIO, the domains are broken into smaller sizes, resulting in reduced hopping 

distances, and ultimately an increase in the electron mobility. 
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Figure 4.10 Simulation of high-temperature limit mobilities of electrons, 𝜇𝑒,∞, 

as a function of the hopping distance, 𝑎, according to Equation 4.2. 

The horizontal dotted lines are the experimentally extracted 𝜇𝑒,∞ 

from different DIO concentrations from Figure 3(b). The vertical 

dotted lines are the graphical solutions to the hopping distances a. 
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DIO concentration (vol%) Electron Hopping distance (nm) 

0 2.1 

0.5 1.5 

1.5 1.1 

3.0 1.1 

6.0 0.7 

10.0 0.5  

 

Table 4.2 Estimated average electron hopping distances of the BHJ films 

with different DIO concentrations as obtained from Figure 4.10. 
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Figure 4.11 (a-f) AFM images of BHJ films at different DIO concentrations 

measured in height-mode and phase-mode. Root-mean-square 

roughness (Rq) of each film is enclosed. (g) A schematic diagram 

presenting the effect of DIO on PC71BM aggregation sizes. 200 

brown circles representing fullerene molecules were used in both 

cases. The average electron hopping distance and domain size are 

denoted by a and D respectively. 
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4.3.6 OPV Cells with Enhanced Polymer Content 

 

 As concluded in the previous section, the limit of hole mobility of 

PTB7:PC71BM BHJ system is about 2 × 10
-4

 cm
2 
V

-1
 s

-1
, and the electron mobility 

can exceed 1.4 × 10
-3

 cm
2 

V
-1

 s
-1

 by increasing the amount of DIO. This 

observation points to two important pathways for further enhancing the PCEs of 

BHJ OPV devices. (1) The hole mobility of the donor polymer should be 

improved, which can be done by developing new materials, molecular doping, and 

advanced processing conditions, etc.
[14-15]

 (2) The amount of PC71BM used can be 

suppressed, as excessive fullerene may lead to a highly imbalanced 

electron-to-hole mobility ratio, and may even hinder the donor polymer packing 

for a good hole transport. Based on the our observations so far, reducing the 

amount of PC71BM in the BHJ while increasing DIO concentration at the same 

time can be an effective approach to achieve sufficient electron mobility for a 

more balanced hole-electron mobility ratio.  Although one may argue that a 

reduced PC71BM content in BHJ blend should results in a lower electron mobility, 

but actually a higher concentration of DIO can be employed to further segregate 

fullerene into smaller domains with reduced electron hopping distances as 

compensation. Following this argument, the polymer content of the 

PTB7:PC71BM BHJ was enhanced from a weight ratio of 1:1.5 to 1:1. 0 to 8 vol% 

DIO concentrations were used to fabricate the “polymer-rich” OPV devices. 

Figure 4.12 compares the performances of OPV cells using 1:1.5 and 1:1 

PTB7:PC71BM mass ratios. For “polymer-rich” system, the PCE reaches a 

maximum PCE of 6.9 % with 4 vol% of DIO, which is comparable to the 

optimized performance in 1:1.5 systems. Although the short-circuit current 

density is reduced, the performance of the OPV cell is compensated by an 
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improved FF (from 55% to above 60%). Our results demonstrate that DIO 

concentration can be used as a tool to fine tune the electron mobility, and allows 

donor-acceptor composition variations in an OPV BHJ solar cell. The details of 

“polymer-rich” strategy have been discussed in another publication.
[16]
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Figure 4.12 OPV devices performances employing two different 

donor-acceptor weight ratios (1:1.5 and 1:1) under different 

concentration of DIO in the casting solution. 
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4.4  Summary 

 

 In this chapter, the impact of a common solvent additive, DIO, on the 

transport properties of BHJ films of PTB7:PC71BM have been investigated in 

details. DIO remarkably enhances the electron mobility by more than 2 orders of 

magnitude from 0 to 10 vol%. However, there is a negligible impact on the hole 

mobility yielding unbalance hole-electron mobility ratio in unoptimized DIO 

concentrations.  Electron and hole mobilities are balanced with 3 vol% DIO, and 

an optimized OPV device efficiency can be obtained. The origin of the increased 

electron mobility is the reduced average electron hopping distance in the presence 

of DIO. In light of transport measurement results, it is demonstrated that in a 

common recipe of PTB7:PC71BM device fabrication the acceptor content is in 

excess. A “polymer-rich” strategy with more DIO can still achieve a comparable 

device performance. This work not only unravels the charge balance of 

PTB7:PC71BM at different DIO concentrations but also provides an alternative 

avenue on the donor acceptor weight ratios. 
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Chapter 5 

Early Stage Donor-Acceptor Electronic Interactions in  

Polymer : Fullerene Bulk Heterojunction Blends
**

 

 

5.1  Introduction  

 

Tuning the donor-acceptor (D-A) weight ratio is an essential step to optimize 

the bulk-heterojunction (BHJ) morphology, yet it is usually done on a 

trial-and-error basis.
[1-4]

 As mentioned in Chapter 4, a common strategy to 

optimize the D-A composition is to balance the electron and hole mobilities. The 

question is whether such a balanced charge transport is sufficient for an optimum 

solar cell. In this section, the BHJ blend of PTB7:PC71BM is investigated. Besides 

the optimum D-A weight ratio of 1:1.5, the impact of other D-A weight ratios on 

the performance of PTB7:PC71BM BHJ OPV cells was also inspected. Starting 

from ultra-low dosages of PC71BM (~0.1 wt%) added into PTB7, the early stage 

of electronic interactions between the polymer donor and the fullerene acceptor 

was able to be revealed. At the same time, three distinct regimes can be 

discovered with respect to the fullerene content. Charge carriers transport 

measurements were thus performed for correlating device performances to carrier 

transport parameters. The reduction of electron traps was found to be the main 

factor that abruptly changes the charge transport during the percolation of 

fullerene domains. The trap density was measured by photothermal deflection 

spectroscopy (PDS) for the BHJ films with different D-A weight ratios. The 

calculated trap density is found to be well anti-correlated with the fill factor (FF) 

in all three regimes, suggesting a low electron trap density is the key to obtain a 

                                                      
**

 Parts of this Chapter have appeared in Adv. Energy Mater. 2017, 201602360 
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high fill factor. Considering the observations from OPV deivces, charge transport 

measurements, and PDS, it is proposed that in the early state of BHJ formation, 

fullerene molecules tend to intercalate with polymer instead of self-aggregates. 

These results provide alternative insights to the BHJ formation, and also a full 

picture of charge transport dynamics. 
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5.2  Experimental Details 

 

PTB7, PC71BM, CB, DIO, Spiro-TPD, PEDOT:PSS were purchased from 

1-Material, Nano-C, Sigma-Aldrich, Tokyo Chemical Industry Co., Luminescence 

Technology, Heraeus respectively. These materials were used as received. CuPc 

was purchased from Sigma-Aldrich, and was purified by sublimation before use. 

 

 The PTB7:PC71BM based OPV device employed the structure of 

ITO/PEDOT:PSS/PTB7:PC71BM/LiF/Al. The ITO pre-patterned glass substrate 

was cleaned by deionized water, acetone and isopropanol in ultrasonic bath 

sequentially for 30 mins each. The substrate was then transferred to a 13 mins 

uv-ozone treatment. PEDOT:PSS was spin coated on top of the cleaned substrate, 

followed by a 140°C annealing for 10 mins in air to form a 30 nm water-free 

anode buffer layer. Various mass ratios of PTB7:PC71BM BHJ blend were 

dissolved in mixture of CB and 3 vol% of DIO. Before use, the solution should be 

stirred at 70°C in a N2 filled glove box overnight. The BHJ solution was then spin 

coated on the top of PEDOT:PSS layer and dried overnight in the glove box to 

form a ~100 nm active layer. The sample was annealed at 40°C inside the glove 

box overnight, then transported into a thermal evaporator to coat LiF (1 nm) and 

Al (110 nm) on the BHJ layer under high vacuum. Solar cells were characterized 

by AM 1.5 G simulator with an intensity of 100 mW cm
-2

. 

 

For carrier transport measurements, the electron-only and hole-only device 

structures are similar to the OPV devices.  For the electron-only devices, the 

PEDOT: PSS layer was replaced by a 50 nm aluminum (Al) film serving as a hole 

blocking layer. Before spin coating the active layer solution, a thin CB layer was 
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spin-coated (1400 RPM, 60s) firstly to promote the contact between Al and BHJ 

blend. For hole-only devices, after the annealing active layer overnight, the 

sample was transferred to high vacuum for thermal co-evaporation of a 10 nm 

spiro-TPD:CuPc electron blocking-trapping layer. The coating rate of spiro-TPD 

and CuPc was 4.9 Å /s and 0.1 Å /s respectively. The resulting electron-only 

devices had a structure of ITO/Al/BHJ/LiF/Al, while the hole-only devices had a 

structure of ITO/PDEOT:PSS/BHJ/spiro-TPD:CuPc/Au. After device fabrication, 

the device was measured in an Oxford cryostat with air pressure of less than 20 

mTorr. The single-carrier device is connected to Source Measure Unit (Keithley 

Instruments, Model 236 SMU) for current density-voltage characterization.    

 

For photothermal deflection spectroscopy (PDS), the BHJ layer was spin 

coated on top of a cleaned 15 mm × 5 mm × 1 mm quartz substrate with thickness 

~100 nm. The measurements were carried out with a standard setup consist of 1 

kW Xe arc lamp and a 1/4 m grating monochromator (Oriel) as the tunable light 

source. The pump beam was modulated at 13 Hz by a mechanical chopper before 

irradiating on the sample. Perfluorohexane was used as the deflection fluid. A 

Uniphase HeNe laser was directed parallel to polymer sample surface as the probe 

laser. A quadrant cell (United Detector Technology) was used as the position 

sensor for monitoring the photothermal deflection signal of the probe beam. The 

output of the detector was fed into a lock-in amplifier (Stanford Research, Model 

SR830) for phase-sensitive measurements. All PDS spectra were normalized to 

the incident power of the pump beam. 
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5.3  Results and Discussions 

 

5.3.1 Effect of Donor-Acceptor Weight Ratio on Organic Photovoltaic 

Device Performance 

 

 PTB7 is used as electron donor while PC71BM is chosen for electron acceptor. 

PTB7:PC71BM-based organic photovoltaic (OPV) devices with different D-A 

weight ratios were fabricated to explore their corresponding photovoltaic 

properties. The devices performances under standard illumination of AM 1.5G, 

100 mW/cm
2
 were summarized in Figure 5.1. Their current-voltage 

characteristics, external quantum efficiencies (EQE), ultraviolet-visible absorption 

spectrum can be found in Figures 5.2, 5.3, 5.4 respectively.  

 

According to Figure 5.1, the open circuit voltage (Voc) monotonically 

decreases with increasing fullerene content, ranging from 1.21 V to 0.67 V. In 

contrast, the short circuit current density (Jsc), the fill factor (FF), and the power 

conversion efficiency (PCE) are all correlated, and they show distinct peaks. For 

each parameter, three regimes can be identified as illustrated in Figure 5.1: 

(Regime I) For a D-A weight ratio less than 1 : 0.1, Jsc increases gradually from 

0.13 to 0.61 mA cm
-2

, and the PCEs are below 0.1%. It should be noted that the 

FF of the pure PTB7 device is 35%, but when one per thousand of fullerenes are 

added, the FF drops quickly to 25% and persists through this regime. (Regime II) 

Further increase of the fullerene content leads to abrupt increases in Jsc, FF and 

PCE, to their optimized values (Jsc = 17.0 mA/cm
2
V

-1
s

-1
,  FF = 67% and PCE = 

8.4%) at 1 : 1.5 D-A weight ratio. (Regime III) Beyond the optimized D-A weight 

ratio, more PC71BM produces negative effects on the Jsc, FF and PCE. They all 
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drop monotonically with further increase of fullerene content. For the 

pure-PC71BM OPV cell, only a PCE of 0.029% can be obtained, which can be 

compared to a pure-PTB7 OPV cell with PCE of 0.054%. The values of Jsc, Voc, 

FF and PCE at different D-A weight ratios can be found in Table 1. 
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Figure 5.1 Summary plots of PTB7:PC71BM OPV device performances at 

different D-A weight ratios, measured under standard illumination 

of AM 1.5G, 100 mW/cm
2
. 
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Donor-acceptor  

weight ratio 
Jsc (mA cm

-2
) Voc (V) FF (%) PCE (%) 

1 : 0 0.13 1.21 35 0.054 

1 : 0.001 0.16 1.03 25 0.042 

1 : 0.01 0.22 0.99 23 0.051 

1 : 0.05 0.33 0.87 24 0.068 

1 : 0.08 0.41 0.85 24 0.083 

1 : 0.1 0.61 0.83 24 0.122 

1 : 0.3 3.71 0.80 25 0.8 

1 : 0.5 13.19 0.80 39 4.1 

1 : 1 16.58 0.76 60 7.6 

1 : 1.5 16.90 0.74 67 8.4 

1 : 3 12.48 0.74 66 6.1 

1 : 10 3.77 0.74 72 2.0 

1 : 30 1.04 0.73 55 0.4 

0 : 1 0.15 0.67 28 0.029 

 

Table 5.1 PTB7:PC71BM OPV device performances at different D-A weight 

ratios. 
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Figure 5.2 Current-voltage characteristics of PTB7:PC71BM OPV devices at 

various D-A weight ratios. 
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Figure 5.3 External quantum efficiencies (EQE) spectra of PTB7:PC71BM 

OPV devices at various D-A weight ratios.  
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Figure 5.4 Ultraviolet-visible (uv-vis) absorption spectrum of BHJ films at 

different D-A weight ratios. 
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5.3.2 Charge Carrier Transport Properties at Different Donor-Acceptor 

Weight Ratio 

 

 The electron and hole transport properties of the BHJ films at different D-A 

weight ratios were probed using the space-charge-limited-current (SCLC) model 

with traps. The electric-field dependent current of the hole-only and electron-only 

devices were measured. Charge carrier mobilities were extracted using the 

following equation: 

 

 𝐽𝑆𝐶𝐿 𝑑 =
9

8
𝜀0𝜀𝑟µ0𝜃 𝑒𝑥𝑝(0.89𝛽√𝐹)𝐹2 

(5.1) 

 

, where JSCL is the space-charged-limited current density, d is the thickness of 

tested layer, ε0 is the permittivity of vacuum, εr is the relative permittivity of the 

polymer, θ defines the fraction of trapped carriers (0 < θ ≤ 1), μ0 is the zero-field 

mobility, β is the field-dependent coefficient, and F is the average electrical field 

applied on the sample.
[5-7] 

Figure 5.5 shows the current-voltage (J-V) 

characteristics of the electron-only devices at various D-A weight ratios measured 

under room temperature. The J-V characteristics follow Equation 5.1 very well. 

The extracted fullerene-dependent electron mobility is shown in Figure 5.6a. 

Interestingly the electron mobility (µe) is consistent with OPV device 

performances, and can also be divided into three regimes: (Regime I) pure PTB7 

has a µe of 9.0 × 10
-9

 cm
2
V

-1
s

-1
. With small amount of fullerene added (1 : 0.1), 

the µe dropped around two orders of magnitude to 1.1 × 10
-10 

cm
2
V

-1
s

-1
. In this 

regime, fullerene molecules suppress the µe instead of promoting it. (Regime II) 

From D-A weight ratio 1 : 0.1 to 1 : 1.5, the µe increase by six orders of 
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magnitudes with the PC71BM content. At a D-A weight ratio of 1 : 1.5, the 

electron mobility reaches 2.2 × 10
-4 

cm
2
V

-1
s

-1
. The increase in µe suggests that the 

electron transport pathway undergoes percolation. (Regime III) µe saturates in the 

order of 10
-4

 cm
2
V

-1
s

-1
 with higher PC71BM contents. The pure fullerene has a µe 

\of 9.7 × 10
-4 

cm
2
V

-1
s

-1
. The value is consistent with that reported by Blom et al.

[8]
 

On the other hand, the hole mobility only shows little fluctuations with the 

fullerene content. It stays within the range of 10
-4

 - 10
-5 

cm
2
V

-1
s

-1
. The zero-field 

hole mobility of pure PTB7 is 2.8 × 10
-4 

cm
2
V

-1
s

-1
, which is comparable to the 

value reported by Yu et al.
[9-10]

 

 

The result shows different behaviors of electron and hole mobilities with 

various D-A weight ratios, suggesting a contrasting conduction pathways. Holes 

transport along the polymer chains. They are generally well connected and thus 

the hole mobility varies little with the D-A weight ratio. On the contrary, electrons 

transport along the fullerene domains. The PC71BM can be regarded as 

nano-particles. Once the fullerene domains start to percolate, a sharp increase in 

electron mobility should be expected. 

 

Temperature-dependent J-V measurements between 226 K and 327 K were 

also carried out to further investigate the fullerene-dependent electrical transport 

properties. Using Gaussian disorder model (GDM), the electric field and 

temperature dependent carrier mobility can be expressed as:  

 

 µ(𝐹, 𝑇) = µ∞ 𝑒𝑥𝑝 [− (
2𝜎

3𝑘𝑇
)
2

] 𝑒𝑥𝑝(𝛽√𝐹) (5.2) 
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where μ∞ is the high-temperature limit mobility, σ is the energetic disorder 

parameter, k is the Boltzmann constant, and T is the absolute temperature.
[11]

 The 

temperature dependent zero-field electron mobilities are plotted in Figure 5.7. 

The high-temperature limit mobility (μ∞) and energetic disorder (σ) can be 

extracted from the y-intercepts and slopes respectively, which are summarized in 

Figure 5.6. μ∞ follows the same trend as μ0. The energetic disorder of electrons 

shows a significant reduction from 122 meV to 62 meV, while energetic disorder 

of holes remains between 80 to 90 meV. The reduction in electrons energetic 

disorder reflects a distinct change in environment of the electron hopping site.
[12]

 

Using SCLC model with traps and GDM analysis, it is concluded that electron 

transport is the main factor that varies at different D-A weight ratio, and 

well-correlated with OPV device performances. 
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Figure 5.5 Current-voltage characteristics of PTB7:PC71BM electron-only 

device at different D-A weight ratios. The solid lines represent the 

best fitting to Equation 5.1. 
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Figure 5.6 Summary plots for electron and hole transport parameters at 

different D-A weight ratios: (a) zero-field mobilities at room 

temperature, (b) high temperature limit mobilities, (c) energetic 

disorders. 
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Donor-Acceptor  

weight ratio 

Electron μ0 

(cm
2
V

-1
s

-1
) 

Electron μ∞ 

(cm
2
V

-1
s

-1
) 

Energetic 

Disorder (meV) 

1 : 0 9.0 × 10
-9

 3.2 × 10
-4

  122 

1 : 0.001 2.6 × 10
-9

 5.1 × 10
-6

 100 

1 : 0.1 1.1 × 10
-10

 5.5 × 10
-8

 91 

1 : 0.3 2.2 × 10
-8

 4.5 × 10
-6

 87 

1 : 0.5 4.0 × 10
-6

 7.2 × 10
-4

 85 

1 : 1 1.9 × 10
-5

 4.2 × 10
-3

  88 

1 : 1.5 2.2 × 10
-4

 2.0 × 10
-2

 81 

1 : 10 4.1 × 10
-4

 6.6 × 10
-3

 63 

0 : 1 9.7 × 10
-4

 1.3 × 10
-2

 62 

 

Table 5.2  Electron transport parameters at different D-A weight ratios. 
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Figure 5.7 Zero-field electron mobilities versus 1/T
2
 at different D-A weight 

ratios. The solid lines are the best linear fits of the experimental 

data, using Equation 5.2. 
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5.3.3 Subgap Optical Absorption and Correlation with Fill Factors in 

Organic Photovoltaic Devices 

 

To gain additional insights into the formation of BHJs, their subgap optical 

absorptions were studied using photothermal deflection spectroscopy (PDS).
[13-16]

 

The subgap absorption is generally related to localized states or traps below 

energy gap (Eg).
[17-18]

 Figure 5.9 shows the PDS spectra of BHJs with different 

D-A weight ratios. The regions shaded in pale blue indicate absorptions arising 

from the trap states. For simplicity, each regime only shows three PDS spectra. 

Before fullerene percolates, the subgap absorptions show an noticeable increase 

with the PC71BM contents. According to the optical sum rule, the subgap 

absorption can be quantified by estimating the nominal trap state density (N): 

 

  𝑁 =
𝑐𝑛𝑚

2𝜋2ħ𝑒2
∫𝛼𝑠𝑢𝑏(𝐸) 𝑑𝐸  for 𝐸 < 𝐸𝑔 (5.3) 

 

, where E is the photon energy, c is the speed of light, n is the refractive index, m 

is the effective mass of electron, e is the elementary charge, ħ is the Planck 

constant. αsub denotes the subtracted subgap absorption by Urbach absorption. 

[𝛼𝑠𝑢𝑏(𝐸) = 𝛼(𝐸) − 𝛼𝑢(𝐸), where 𝛼𝑢 = 𝛼0 𝑒𝑥𝑝 (ℎ𝜈 − 𝐸𝑔 𝐸𝑢⁄ ) for E < Eg, and 

Eu is the Urbach energy.]
[19-20]

 

 

The change of trap densities at different D-A weight ratios is shown in 

Figure 5.9. In order to highlight only the effect of additional fullerene, the trap 

density of pure PTB7 was set as zero. In the same plot, the FFs of OPV devices vs 

the D-A weight ratios are also shown in the same plot. One striking feature is the 
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apparent anti-correlation between the excess trap density and the FFs of OPV 

devices. Especially in Regime II, the trap density decreases by an amount of about 

1.3 × 10
18 

cm
-3

 while the FF improves abruptly from 24% to 67%. The order of 

trap density is verified by estimating the fullerene cluster size when percolation 

starts, as shown in the Appendix I at the end of this Chapter. 

 

Besides the trap density, the PDS spectra also show new features with the 

addition of PC71BM. In regime II of Figure 5.8, a broad peak centered at 1.1 eV 

and a shoulder at 1.5 eV appears, starting at a D-A weight ratio of 1 : 0.5. A 

rational assignment of 1.1 eV peak is the localized charge transfer (CT) states at 

the polymer-fullerene interface.
[21]

 As most D-A interfaces are already occupied, 

additional fullerenes does not affect these peak intensities. This feature remains 

until reaching to D-A weight ratio of 1 : 10, due to the reduced D-A interfaces. 

  

The peak at 0.9 eV is very prominent for pure PC71BM. It appears erratically 

with different D-A weight ratios. By comparing the spectrum of pure fullerene to 

those previously reported for polymer of BHJ, this peak may be due to the 2
nd

 

vibrational overtone of the –CH stretch in PC71BM.
[22-24]
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Figure 5.8 PDS spectra with different D-A weight ratios. The region under 

curve shaded in pale blue indicates the trap states. 
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Figure 5.9 Correlation between calculated trap density from PDS signal and 

OPV device FF, in terms of D-A weight ratios. 
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5.3.4 Impact of Donor-Acceptor Weight Ratios on Electron Transport 

Pathway Percolation 

 

Figure 5.10 shows the atomic force microscopy (AFM) images of the BHJ 

films. For a small fullerene content [Figure 5.10 (a-c)], the surface is smooth, 

with a roughness of around 0.6 nm, indicating that PC71BM fully intercalates into 

the polymer backbone. The fullerenes form large domain aggregations, when the 

weight content is the same as polymer. The aggregations are in the size of 10-100 

nm, and the surface roughness increases, indicating that the percolation of 

electron pathway in fullerene. 

 

Recently, McGehee et al. purposed a “docking model” between fullerenes 

and polymers. In this model, the fullerene tends to dock with the sterically 

accessible acceptor moiety (thienothiophene (TT) unit) of the donor-acceptor 

copolymer PTB7, while the donor moiety (benzodithiophene (BDT) unit) is 

sterically hindered due to the branched alkyl substituents.
[25] 

A simplified 

illustration is depicted in Figure 5.11. Combining the observations from charge 

transport characteristics, trap densities, and morphological data, the author hereby 

propose that the “docking interaction” is driven by interaction between PTB7 and 

PC71BM. In other words, when small amount of fullerene is added into the BHJ, 

instead of self-aggregation, the fullerene tends to dock with TT unit of PTB7 until 

all the available seats are occupied. PCBM molecules aggregate and connect 

together only when TT units are all occupied, percolate into a complete electron 

transport pathway. A schematic diagram of electron transport pathways with 

fullerene content is shown in Figure 5.10(g). For clarify, only the LUMO for 

PTB7 and PC71BM were shown. Without any fullerene, the electron conducts 
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primarily in the polymer sites. For fullerene concentration below its percolation 

threshold, fullerene molecules dock to the TT unit of PTB7, serve as electron traps 

instead of promoting electron transport. Once the fullerene content reaches the 

percolation threshold, electrons transport primarily in the LUMO orbital of the 

fullerene molecules. 

 

The D-A mixing dynamics and electron pathway percolation were further 

probed by the steady-state photoluminescence (PL), as shown in Figure 5.12. The 

peak around 770 nm (≈1.6 eV) indicates the PL emission peak of PTB7.
[26]

 Upon 

addition of one per thousand of PC71BM, the peak decreased significantly by 

about two-third, suggesting that the generated excitons are efficiently quenched. 

The peak disappeared completely at a D-A weight ratio of 1: 0.3, indicating the 

well mixing of polymer and fullerene. To support our argument on percolation 

threshold, Ade et al. also observed a 70:30 wt% molecularly mixed PTB7 : 

PC71BM matrix in the BHJ films, once the solvent additive 1,8-diiodooctane (DIO) 

is added.
[27]
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Figure 5.10 (a-f) AFM images of BHJ films at different D-A weight ratio, 

measured in height mode. (g) Schematic diagrams show the 

percolation of fullerene domains: Different hopping regimes in a 

disordered host–guest system: Hopping via polymer sites; hopping 

via polymer sites in the presence of a small amount of fullerene 

sites (trap-limited transport); hopping via both host and guest sites; 

hopping via guest sites. 
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Figure 5.11 A schematic diagram illustrating the interaction between PC71BM 

and the PTB7. The fullerene prefers docking with the acceptor 

moiety (TT unit) of PTB7, due to the steric effect from the long 

side chain in the donor moiety (BDT unit) of PTB7. 
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(a) 

 

(b) 

 

 

Figure 5.12 (a) Steady-state PL spectrum of BHJ films at different D-A weight 

ratios. The films are excited by a 403nm laser. (b) Normalized 

intensity value of PL spectrum at 775 nm. 
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5.4  Summary 

 

The impact of donor-acceptor weight ratios on the performance of PTB7 : 

PC71BM based OPV cells was studied. In terms of the electron transport pathway 

evolution, three distinct regimes can be uncovered. From charge carrier transport 

measurements, electron mobility correlates very well with the change in OPV 

device performances. In contrast, hole mobility only exhibit a slight reduction as 

the fullerene weight fraction is increased from 0-80%. The unconnected fullerene 

domains act as traps and hinder electron mobility. From photothermal deflection 

spectroscopy, it is observed that the trap density inside BHJ films is well 

anti-correlated with fill factor of OPV devices. The origin of low FFs is mainly 

due to the electron traps and localized states from fullerenes. Based on the 

observations, it is proposed that PC71BM tends to intercalate with PTB7 backbone 

instead of self-aggregation before the electron pathway percolation. This work not 

only demonstrates the correlation between D-A weight ratios and BHJ device 

performances, but also reveals the physical origins behind the changes. 
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5.5  Appendix I: Trap density to fullerene cluster size 

 

Molecular Density of PC71BM = 1.44 × 10
21

 cm
-3

 ≈ 1 x 10
21

 cm
-3

 

PTB7 molar mass = 757.11 g/mol 

 

Mass Density of PTB7 = 1.33 g cm
-3 

(The value is from P3HT) 

Molecular Density of PTB7 = 1.06 × 10
21

 cm
-3 

≈ 1 × 10
21

 cm
-3

 

 

Trap Density of pure PTB7 = 1.05 × 10
18

 cm
-3

 

Trap Density at 1 : 0.3 = 2.12 × 10
18

 cm
-3

 

 

Assuming  

[Trap Density at 1 : 0.3] = [Trap Density of pure PTB7] + [Trap Density from 

PC71BM clusters] 

[Trap Density from PC71BM clusters] = 1.07 × 10
18

 cm
-3

 

 Molecular density of PC71BM in 1 : 0.3 BHJ film 

 ≈ (1 × 10
21

 cm
-3

) × 0.3 = 3 × 10
20

 cm
-3

 

 Say all PC71BM clusters contribute to traps,  

[Number of PC71BM in each cluster]  

= [Molecular density of PC71BM] / [Trap Density from PC71BM clusters] 

= (3 × 10
20

)/(1.07 × 10
18

) 

= 280 (PC71BM per cluster) 

 One cluster volume = 5.04 × 10
-23

 m
3
 

 Diameter of one cluster ≈ 50 nm 

 

The order of diameter is in par with that reported by Ade et al. 

 

Reference: 

[1] www.sesres.com/physicalproperties.asp 

[2] B. A. Collins, Z. Li, J. R. Tumbleston, E. Gann, C. R. McNeill, H. Ade, Adv. 

Energy Mater. 2013, 3, 65. 

 

 

 

www.sesres.com/physicalproperties.asp
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5.6  Appendix II: Fitting of SCLC model with traps 

 

The space-charge-limited-current model with traps is defined by Equation 

5.1. There, θ defines the fraction of trapped carriers: 

 

 𝜃 =
𝑛𝑐

𝑛𝑐 + 𝑛𝑡
 (5.4) 

 

where nc and nt denotes the number of free charge and trapped charge respectively. 

The value of θ should be between 0 and 1. To extract θ, nonlinear curve fitting of 

J-V characteristics was done by the software “OriginPro 8”. For each fitting with 

different θ, the software reported a coefficient of determination (R
2
). In statistics, 

it measures how close the data are to the fitted regression line: 

 

 𝑅2 = 1 −
∑ (𝑦𝑖 − �̂�𝑖)

2
𝑖

∑ (𝑦𝑖 − �̅�)2
𝑖

 (5.5) 

 

where 𝑦𝑖 , �̂�𝑖 and �̅� are the original data values, modeled values, and average 

data values respectively. The smaller the error in the fitting model, the closer R
2
 is 

to 1. Take the J-V curve of D-A weight ratio 1 : 0.001 as an example, Figure 

5.12(a) demonstrates the nonlinear curve fit with various values of θ, ranging 

from 0.1 to 0.9. The corresponding R
2

 are shown in Figure 5.12(b). θ = 0.3 gives 

THE highest value of R
2
(0.99986), indicating the best fit to experimental data. 
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Figure 5.13 (a) Nonlinear curve fitting of J-V characteristics at D-A weight 

ratio of 1:0.001, using different values of θ. (b) Value of R
2
 with different value of 

θ during the nonlinear curve fit.  
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Chapter 6 

Enhancing the thermal stability of polymer : fullerene solar cell 

with fluorenylidene-malononitrilie-based solid additives 

 

6.1  Introduction 

 

Practical OPV devices must have the merits of having high power conversion 

efficiency (PCE) and good stability. To achieve these merits, the morphology of 

the BHJ active layer plays a critical role.
[1-3]

 It is generally accepted that a 

favorable BHJ morphology should fulfill several criteria: compositionally graded 

in the vertical direction for charge collection, favorable molecular orientations for 

charge transport, and suitable domain sizes for exciton dissociation.
[4]

 

Considerable research efforts have been devoted to achieve an optimized BHJ 

morphology, such as synthesizing new organic materials, incorporating a ternary 

component or additive in the active layer, using thermal or solvent annealing.
[5]

 

However, it remains challenging to maintain the optimized morphology of 

fullerene-based BHJ over time for outdoor application, especially under the stress 

of heat. An operating device has to be exposed to long-term solar irradiation. The 

absorbed heat may accumulate, alter the optimized morphology, and lead to 

thermal degradation and deteriorated device performance. 

 

The mechanism of thermal degradation is addressed by many research 

groups.
[6-11]

  Under thermal annealing conditions, the highly mobile fullerene 

molecules diffuse throughout the BHJ film and form aggregates or crystallites. 

The sizes of the fullerene domains can go up from tens of nanometers to 

micrometers. It is correlated to the annealing temperature and duration. Such a 
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phase segregation between the polymer donor and the fullerene acceptor leads to 

reduction of donor-acceptor interfaces, and is detrimental for exciton separation 

and diffusion. Electrode delamination may also arise and lead to mechanical 

problems. In the view of commercialization, there are urgent needs to preserve the 

optimal morphology during operation under heat. Several strategies such as using 

alternative electron acceptor materials like thermo-cross-linkable fullerene or 

non-fullerenes acceptors with higher crystallinity, special light treatment after the 

fabrication of active layer, and employing additive which react with donor 

materials to preserve the morphology.
[6-11]

  

 

In order to lock the morphology under thermal stress, McCulloch et al. 

suggested the addition of a fullerene dumbbell, (PCB)2C2, where the fullerenes are 

linked by an alkyl bridge between the ester functional groups.
[8]

 The strategy is to 

provide a more structurally controlled and robust route to inhibit fullerene 

aggregation. At a suitable concentration (20%), the PCDTBT:PCBM:(PCB)2C2 -

OPV devices show 20% enhanced thermal stability at 85 °C for two hours, when 

compared with control device. Another interesting approach proposed recently by 

Zhan et al. is the use of a commercial chemical 4-4`-Biphenol (BPO) to enhance 

OPV devices performance and thermal stability.
[11]

 BPO acts as a “molecular lock” 

via hydrogen bond between its hydroxyl group and the fluorine atom on the donor 

molecules/polymers. A dense donor network is formed and the morphology is 

frozen upon heating. 80% of its original PCE can be maintained after heating 130 

°C for two hours for fluorine-containing donor polymer BHJ blends (PTB7 : 

PC71BM, PTB7-Th : PC71BM ,PffBT4T-2OD : PC71BM, and p-DTS(FBTTh2)2 : 

PC71BM). In contrast, for donors without fluorine atoms like P3HT and 
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PBDTTT-C-T, there are no improvements when BPO was introduced into their 

correspond BHJs. 

 

In this study, to overcome the limit of hydrogen-bond “molecular lock” for 

thermal stability, it is proposed that charge transfer (CT) interaction as an 

alternative and versatile route to molecularly lock the donors during thermal stress. 

The magnitude of charge transfer interaction energy is reported in other literatures 

and is in the order of ~10 kJ mol
-1

, which is in par with the magnitude of 

hydrogen bond.
[12-13]

 CT interaction is thus considered to be a reasonable choice to 

lock the morphology. Fluorenylidene-malononitrilie is used as a functional group 

for the solid additives to interact with donor moiety of the polymer. To optimize 

the CT interactions, a series of fluorenylidene-malononitrilie-based solid additives, 

namely BPO, 2FCN and 3DCN were employed. Their chemical structures are 

shown in Figure 6.1. All those additives shows promising enhancement in thermal 

stability, with more than 85% of its original PCE preserved after annealed 100 °C 

for 20 hours. It is worthwhile mentioning there is only less than 10% PCE decay 

with 2FCN added. 
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Figure 6.1 Chemical structures of fluorenylidene-malononitrilie-based solid 

additives BUT, 2FCN and 3DCN.   
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6.2  Experimental Details 

 

The synthetic procedures of BUT, 2FCN, 3DCN are documented 

elsewhere.
[14]

 PTB7, PC71BM, CB, DIO, Spiro-TPD, PEDOT:PSS were purchased 

from 1-Material, Nano-C, Sigma-Aldrich, Tokyo Chemical Industry Co., 

Luminescence Technology, Heraeus respectively. These materials were used as 

received. CuPc was purchased from Sigma-Aldrich, and was purified by 

sublimation before use. 

 

 The PTB7:PC71BM based OPV device employed the structure of 

ITO/PEDOT:PSS/PTB7:PC71BM/LiF/Al. The ITO pre-patterned glass substrate 

was cleaned by deionized water, acetone and isopropanol in ultrasonic bath 

sequentially for 30 mins each. The substrate was then treated by uv-ozone for 13 

mins. PEDOT:PSS was spin coated on top of the cleaned substrate, followed by a 

140°C annealing for 10 mins in air to form a 30 nm water-free anode buffer layer. 

Various mass ratios of PTB7:PC71BM BHJ blend were dissolved in mixture of CB, 

3 vol% of DIO, and 0.8 wt% fluorenylidene-malononitrilie-based solid additives. 

Before use, the solution should be stirred at 70°C in a N2 filled glove box 

overnight. The BHJ solution was then spin coated on the top of PEDOT:PSS layer 

and dried overnight in the glove box to form a ~100 nm active layer. The samples 

were annealed at different temperatures inside the glove box overnight (~20 hrs) 

for thermal stability test, then transported into a thermal evaporator to coat LiF (1 

nm) and Al (110 nm) on the BHJ layer under high vacuum. Solar cells were 

characterized by AM 1.5 G simulator with an intensity of 100 mW cm
-2

. 
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For carrier transport measurements, the electron-only and hole-only device 

structures were similar to the OPV devices. The electron-only devices had a 

structure of ITO/Al/BHJ/LiF/Al. The Al layer in between ITO and BHJ served as 

a hole blocking layer. Before spin coating the active layer solution, a thin CB 

layer was spin-coated (1400 RPM, 60s) firstly to promote the contact between Al 

and BHJ blend. For hole-only devices, it had a structure of 

ITO/PDEOT:PSS/BHJ/spiro-TPD:CuPc/Au. After annealing the active layer 

overnight, the sample was transferred to high vacuum for thermal co-evaporation 

of a 10 nm spiro-TPD:CuPc electron blocking-trapping layer. The coating rate of 

spiro-TPD and CuPc was 4.9 Å /s and 0.1 Å /s respectively. After device 

fabrication, the device was measured in an Oxford cryostat with air pressure of 

less than 20 mTorr. The single-carrier device is connected to Source Measure Unit 

(Keithley Instruments, Model 236 SMU) for current density-voltage 

characterization.    

 

For photothermal deflection spectroscopy (PDS), the BHJ layer was spin 

coated on top of a cleaned 15 mm × 5 mm × 1 mm quartz substrate with thickness 

~100 nm. The measurements were carried out with a standard setup consist of 1 

kW Xe arc lamp and a 1/4 m grating monochromator (Oriel) as the tunable light 

source. The pump beam was modulated at 13 Hz by a mechanical chopper before 

irradiating on the sample. Perfluorohexane was used as the deflection fluid. A 

Uniphase HeNe laser was directed parallel to polymer sample surface as the probe 

laser. A quadrant cell (United Detector Technology) was used as the position 

sensor for monitoring the photothermal deflection signal of the probe beam. The 

output of the detector was fed into a lock-in amplifier (Stanford Research, Model 
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SR830) for phase-sensitive measurements. All PDS spectra were normalized to 

the incident power of the pump beam.  
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6.3  Results and Discussions 

 

6.3.1 OPV Devices Performances 

   

Chemical structures of BUT, 2FCN and 3DCN are shown in Figure 6.1. To 

test the ability of fluorenylidene-malononitrilie-based solid additives, 

PTB7:PC71BM BHJ is chosen for investigation. PTB7 is an amorphous polymer 

and its BHJ with PC71BM is reported to be less thermally stable than other donor 

polymer, as fullerene can easily enlarge aggregations size in the amorphous 

polymer matrix upon heating.
[15]

 Figure 6.2 shows the current-voltage (J-V) 

characteristics at different annealing temperature employing the 

fluorenylidene-malononitrilie-based solid additives, under the illumination of AM 

1.5G, 100 mW/cm
2
 solar simulator. The OPV device structure is 

ITO/PEDOT:PSS/PTB7:PC71BM/LiF/Al. To test the thermal stability, all 

fabricated devices were annealed at different temperature for 20 hours. Figure 6.3 

and Table 6.1 summarize the detailed performances and devices parameters 

including short circuit current density (Jsc), open circuit voltage (Voc), fill factor 

(FF) and power conversion efficiency (PCE). All Jscs are in strong agreement with 

their external quantum efficiency (EQE) measurements (Figure 6.4). 0.8 wt% is 

found to be the optimum fraction for the fluorenylidene-malononitrilie-based solid 

additives. Without annealing, both devices with 2FCN and 3DCN show similar 

performance as control. (Jsc ≈ 16 mA/cm
2
, Voc ≈ 0.76 V, FF ≈ 63%, PCE ≈ 7.8%), 

while the one with BUT added shows slightly higher performance (Jsc = 15.5 

mA/cm
2
, Voc = 0.75 V, FF = 68%, PCE = 8%). After heating 100 °C for 20 hours, 

the FF of control device shows significant drop from 62% to 47%, and the Jsc 

decreases by 2 mA/cm
2

, leading to a PCE decay from 7.7% to 5.3%. On the other 
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hand, all devices with fluorenylidene-malononitrilie-based additives preserve 

more than 85% of its original PCE. The one with 2FCN shows the most promising 

result with good thermal stability: nearly no change in Jsc and FF still maintains at 

60%, resulting in PCE only drops from 7.9 to 7.3%. Additive 2FCN is thus chosen 

for further analysis in the following sections, in order to understand the origins 

and mechanisms of such outstanding thermal stability. 

  



154 
 

 

 

 

 

 

Figure 6.2 Thermal stability J-V curves of PTB7:PC71BM OPV devices with 

different additives. Among all devices, those with 2FCN are 

thermally most durable as evident by the almost overlapping J-V 

data set up to 70 °C. 
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Figure 6.3 Thermal stability performances of PTB7:PC71BM OPV devices 

with different additives.  
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Solid 

Additive 

Temperature 

(°C) 

Jsc 

(mA/cm
2
) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Normalized 

PCE (%) 

-- RT 16.5 0.76 62 7.7 100 

-- 50 15.5 0.76 59 6.9 90 

-- 70 15.5 0.77 52 6.2 81 

-- 100 14.5 0.77 47 5.3 69 

BUT RT 15.5 0.76 68 8.0 100 

BUT 50 15.2 0.76 67 7.8 99 

BUT 70 14.8 0.76 68 7.7 97 

BUT 100 13.8 0.78 64 6.8 86 

2FCN RT 15.5 0.76 66 7.9 100 

2FCN 50 15.6 0.77 65 7.8 100 

2FCN 70 15.1 0.78 65 7.6 96 

2FCN 100 15.6 0.78 60 7.3 93 

3DCN RT 16.4 0.75 63 7.8 100 

3DCN 50 15.4 0.78 64 7.7 98 

3DCN 70 15.4 0.78 60 7.2 93 

3DCN 100 15.3 0.78 59 7.0 90 

 

Table 6.1 Summary table of PTB7:PC71BM OPV devices with different 

additives under different thermal stress. 
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Figure 6.4 External quantum efficiency (EQE) spectra of PTB7:PC71BM OPV 

devices with and without 2FCN, at different annealing temperature. 
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6.3.2 Effect of solid additives on BHJ Charge Carrier Transport 

Properties  

 

To probe the charge transport properties of OPV active layer before and after 

thermal annealing, single-carrier diodes were constructed for either hole or 

electron conduction. Figure 6.5 show the current-voltage (J-V) data. Carrier 

mobilities were extracted using the space-charge-limited-current model: 

 

 𝐽𝑆𝐶𝐿  𝑑 =
9

8
𝜀0𝜀𝑟µ0 𝑒𝑥𝑝(0.89𝛽√𝐹)𝐹2 

(6.1) 

 

where JSCL is the space-charged-limited current density, d is the thickness of tested 

layer, ε0 is the permittivity of vacuum, εr is the relative permittivity of the polymer, 

μ0 is the zero-field mobility, β is the field-dependent coefficient, and F is the 

average electrical field applied on the sample.
[16-17]

 At room temperature, both 

control and 2FCN-added films have similar hole (1.2 × 10
-4 cm

2
V

-1
s

-1
) and 

electron (1.3 × 10
-4 cm

2
V

-1
s

-1
) mobility. After annealing 100 °C for 20 hours, the 

control devices shows one order of magnitude drop in hole mobility (10
-4 to 10

-5 

cm
2
V

-1
s

-1
) and nearly two orders of magnitude drop in electron mobility (10

-4 to 

10
-6 cm

2
V

-1
s

-1
), while with 2FCN blended film decrease to a less extent for both 

hole (1.2 × 10
-4 to 8.0 × 10

-5 cm
2
V

-1
s

-1
) and electron mobility (1.1 × 10

-4 to 6.4 × 

10
-5 cm

2
V

-1
s

-1
). The imbalance of electron and hole mobility may account for the 

reduced FFs of the control OPV devices. The data are summarized in Table 6.2. 
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Figure 6.5 Semi-log current-density characteristics at room temperature for 

PTB7:PC71BM without and with 2FCN added using hole-only and 

electron-only devices. Open symbol represent data from those 

BHJs that have been processed with an extra annealing step to 100 

°C for 20 hours. 
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Annealing 

Temperature 

Without 2FCN With 2FCN 

Hole µ0 

(cm
2
V

-1
s

-1
) 

Electron µ0 

(cm
2
V

-1
s

-1
) 

Hole µ0 

(cm
2
V

-1
s

-1
) 

Electron µ0 

(cm
2
V

-1
s

-1
) 

Room temp. 1.2 × 10
-4

 1.4 × 10
-4

 1.2 × 10
-4

 1.1 × 10
-4

 

100 °C 9.9 × 10
-6

 2.4 × 10
-6

 7.9 × 10
-5

 6.4 × 10
-5

 

 

Table 6.2 Summary table of hole and electron mobilities of BHJs with and 

without 2FCN processed under different conditions.  
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6.3.3 Morphology Analysis 

 

To understand the effects of 2FCN on the film morphology, grazing 

incidence wide-angle and small-angle X-ray scattering (GIWAXS and GISAXS) 

measurements were carried out to investigate the molecular packing and 

nanoscale phase separation, respectively.
[11,18-20]

 The two-dimensional (2D) 

GIWAXS patterns of the films with or without 2FCN annealed at different 

temperatures are presented in Figure 6.6. For all the films, ring-like lamellar peak 

and π-π peak were observed at the same position (q ≈ 0.34 Å
-1 

and 1.75 Å
-1

), 

indicating that the addition of 2FCN did not make much difference in molecular 

packing compared to the films without 2FCN. In contrast, the influence of 2FCN 

on the nanoscale phase separation was clearly observed in GISAXS 

measurements. 

 

Figure 6.7 shows the 2D GISAXS patterns and the corresponding intensity 

integrals along qr direction. Following the arguments presented under Section 

2.5.2, if there are more large domains, there will be an increase of scattering 

intensity on smaller value of q but a decrease intensity in larger q. From the 

in-plane linecut in Figure 6.8, it can be clearly seen that the intensity integral of 

the film without 2FCN (control) shifts to lower q in the medium q region (~0.01–

0.05 Å
-1

) and turns up in the low q region (< 0.006 Å
-1

) after 100 
o
C annealing, 

suggesting that it suffers from severe morphology instability. For the film with 

2FCN, the intensity integral exhibits much less changes under thermal annealing, 

indicating the locking of morphology with the help of 2FCN. Generally in 

polymer:fullerene BHJs, it is assumed that there exists two phases: a 

polymer-fullerene mixed phase and a pure fullerene phase. The following 
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equation is used to simulate those two domain sizes based on the measured 

scattering intensity I(q):  

 

 𝐼(𝑞) =
𝐴1

[1 + (𝑞𝜉)2]2
+ 𝐴2⟨𝑃(𝑞, 𝑅, 𝑧)⟩𝑆(𝑞, 𝑅, 𝜑) + 𝐵 (6.2) 

 

where A1 is a fitting parameter, ξ is the average correlation length, A2 is a function 

of fullerene cluster volume fraction and scattering contrast, ⟨𝑃(𝑞, 𝑅, 𝑧)⟩ form 

factor of spheres with average radius R following Schultz size distribution, 

𝑆(𝑞, 𝑅, 𝜑) is a structure factor of fullerene spheres under Percus–Yevick 

approximation, and B is a constant.
[21-23]

 The fitting results can be used to estimate 

the domain sizes of the aggregated PC71BM clusters (Rg_PCBM) and the 

amorphous intermixing phase, which are summarized in Table 6.3. The 

percentage changes in domain sizes were calculated out in Figure 6.9. For the 

control film, both the amorphous and the fullerene phases increase by around 2 

times. In contrast, the film with 2FCN additive has only mild aggregations.  
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Figure 6.6 2D GIWAXS patterns of PTB7:PC71BM, PTB7:2FCN:PC71BM 

films before and after heating at 100 °C for ~20 hours. 

  



164 
 

 

 

 

 

 

Figure 6.7 2D GISAXS patterns of PTB7:PC71BM, PTB7:2FCN:PC71BM 

films before and after heating at 100 °C for ~20 hours. 
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Figure 6.8 The corresponding in-plane linecut of Figure 6.7 and the best 

fittings using Equation 6.2. The background shaded in light blue 

indicates the low q region. 

 

 

 

 

 

Without 2FCN With 2FCN 

Room temp. 100°C Room temp. 100°C 

amorphous phase (nm) 12.4 31.5 20.4 29.5 

Rg_PC71BM (nm) 11.7 24.3 15.5 21.0 

 

Table 6.3 Fitted domain sizes of the samples from GISAXS intensity profiles 

along in-plane direction.  
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Figure 6.9 Percentage change in domains sizes as estimated from GISAXS 

linecut fittings. 
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6.3.4 Trap Densities in BHJ films under thermal stress 

 

To gain additional insights on the defects and traps of the thermally annealed 

films, a highly sensitive technique, photothermal deflection spectroscopy (PDS) 

was used to probe the subgap optical absorptions.
[24-27]

 For clarify, only the PDS 

spectra of each sample before and after annealing 100 °C for 20 hours were 

compared in Figure 6.10. For the control film, a noticeable increase in the subgap 

absorption (color in pale blue) was observed after the thermal annealing, compare 

with 2FCN-added films. The subgap absorption was quantified by estimating the 

trap state density (N) of the films using the optical sum rule:
[28] 

 

 𝑁 =
𝑐𝑛𝑚

2𝜋2ħ𝑒2
∫𝛼𝑒𝑥(𝐸) 𝑑𝐸 (2.35) 

 

E is the photon energy, c is the speed of light, n is the refractive index, m is the 

effective mass of electron, e is the elementary charge, ħ is the Planck constant. 

αsub represents the subtracted subgap absorption by Urbach absorption. 

[𝛼𝑠𝑢𝑏(𝐸) = 𝛼(𝐸) − 𝛼𝑢(𝐸), where 𝛼𝑢 = 𝛼0 𝑒𝑥𝑝 (ℎ𝜈 − 𝐸𝑔 𝐸𝑢⁄ ) for E < Eg, and 

Eu is the Urbach energy.]
[29]

 The increased values of trap density after thermal 

stress are listed in Table 6.4. For the control film, there is a marked increase in the 

trap density of almost 2.57 × 10
17

 cm
-3

. In contrast, for the 2FCN-added film, the 

magnitude of the increment is much less. These data suggests that 2FCN 

suppresses the creation of traps during thermal stress. The traps probably originate 

from the unfavorable morphology change. The observation is also consistent with 

the stabilization of the fill factor of 2FCN-added OPV devices. Correlation 

between the FFs and trap densities have been reported by us and elsewhere.
[30-34]
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Figure 6.10 Photothermal deflection spectra of the control and the 2FCN-added 

BHJ films. The blue and red curves represent before and after 

annealing 100 °C for 20 hours respectively. The areas of the shaded 

region (pale blue) indicate the increase in the subgap trap states 

upon thermal stress. 
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Sample Excess trap density after annealing to 100 °C (cm
-3

) 

Control 2.57 × 10
17

 

With 2FCN 2.50 × 10
16

 

 

Table 6.4 Summary table of calculated trap density increment after 100 °C 

annealing, according to PDS spectra.  
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6.3.5 Charge Transfer Interaction between the Donor Polymer and the 

Solid Additive  

 

From carrier mobility, trap states and structural morphology analyze, it is 

proposed that 2FCN acts as an effective solid additive which locks the BHJ 

morphology under thermal stress and enhances the thermal stability. To gain 

additional insights on how 2FCN interacts with the active components, UV-vis 

absorption spectroscopy thin films of pure PTB7 and PTB7 with 0.8 wt% 2FCN 

were performed [Figure 6.11(a)]. Upon addition of 2FCN, slight redshifts of 

vibrational absorption peaks at 608 nm (0-1) and 660 nm (0-0) to 625 nm and 675 

nm respectively, together with a concomitant increase in (0-0) vibrational peak 

intensity at the expense of (0-1) peak were observed. These results clearly 

manifested higher degrees of molecular ordering in the 2FCN-incorporated film. 

In addition, steady-state photoluminescence (PL) was also performed on these 

films [Figure 6.11(b)]. A significant decrease in the PL intensity (peak at 770 nm) 

can be observed upon addition of 2FCN. Combining the UV-vis and PL 

observations, it is concluded that the locking morphology is due to the 

charge-transfer (CT) interaction between fluorenylidene-malononitrilie-based 

solid additives and the polymer. The fluorenylidene malononitrile is an 

electron-deficient group, which facilitates the CT interaction between 2FCN and 

the donor moiety of the PTB7 polymer backbone. The binding force is strong 

enough to bind the polymer together, as suggested by red-shift in UV-vis spectrum. 

A model for the tight network resulting from 2FCN is indicated in a schematic 

diagram (Figure 6.12). Such a network locks the morphology and prevents the 

fullerene from forming large domains under external energy (such as heat). The 

preserved morphology results in a more stable carrier mobility, suppresses the 
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creation of traps, and thus a better OPV performance under thermal stress. To 

further confirm the generality of fluorenylidene-malononitrilie-based solid 

additives, two other types of OPV devices based on PTB7-Th:PC71BM and 

P3HT:PC61BM were fabricated with 2FCN as the additive. Figure 6.13, 6.14 and 

Table 6.5 summarizes the thermal stability of each device; the corresponding J-V 

curves can be found in Figure 6.15. For PTB7-Th-based OPV devices, the one 

with 2FCN maintain a good fill factor (> 60 %) and PCE (>90%) after heating 

100 °C for 20 hours, resulting in an even better thermal stability when compared 

with PTB7-based system. For the P3HT-based OPV devices, the 2FCN-added 

devices have stable PCEs at 70 °C, but the control PCE drops from 3.6% to 3.1% 

due to a significant loss of FF. It should be noted that the P3HT-based OPV 

devices cannot withstand 100 °C for 20 hours. A photo shown in Figure 6.16 

demonstrates the usual difference between BHJ films after annealing to 70 °C and 

100 °C for 20 hours. As reported in other literatures, the rough surface may due to 

the large domain size of PC61BM, which can goes up to >100 µm.
[15]

 This 

resulting in an extremely poor efficiency (PCE < 1%).  
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Figure 6.11 (a) ultraviolet-visible and (b) steady-state photoluminescence 

spectra of pure PTB7 thin films and with 0.8 wt% 2FCN. 
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Figure 6.12 Schematic diagram shows the BHJ morphology locking with 

fluorenylidene-malononitrilie-based additives.  
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Figure 6.13 Thermal stability performances of PTB7-Th:PC71BM OPV devices 

with and without 2FCN. 
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Figure 6.14 Thermal stability performances of P3HT:PC61BM OPV devices 

with and without 2FCN. 
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Figure 6.15 Thermal stability J-V curves of PTB7-Th:PC71BM and 

P3HT:PC61BM OPV devices with and without 2FCN. 
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System 
Temp. 

(°C) 

Jsc 

(mA/cm
2
) 

Voc  

(V) 

FF  

(%) 

PCE  

(%) 

Normalized 

PCE (%) 

PTB7-Th RT 16.5 0.83 62 8.5 100 

PTB7-Th 50 15.7 0.81 60 7.6 90 

PTB7-Th 70 15.1 0.83 59 7.4 87 

PTB7-Th 100 15.9 0.82 51 6.6 77 

PTB7-Th, 

with 2FCN 

RT 16.6 0.81 63 8.5 100 

PTB7-Th, 

with 2FCN 
50 15.8 0.82 64 8.3 98 

PTB7-Th, 

with 2FCN 
70 15.7 0.82 62 8.0 95 

PTB7-Th, 

with 2FCN 
100 15.7 0.82 61 7.9 93 

P3HT RT 9.4 0.6 65 3.6 100 

P3HT 50 9.9 0.59 64 3.7 103 

P3HT 70 9.3 0.59 56 3.1 85 

P3HT, 

with 2FCN 
RT 10.0 0.59 61 3.6 100 

P3HT, 

with 2FCN 
50 10.2 0.59 62 3.7 103 

P3HT, 

with 2FCN 
70 9.9 0.58 63 3.6 101 

 

Table 6.5 Summary table of PTB7:PC71BM and P3HT:PC61BM OPV devices 

with and without 2FCN under different thermal stress. 
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Figure 6.16 Images of P3HT:PC61BM OPV devices after annealing at 70 °C or 

100 °C for 20 hours. The sample that had been annealed to 100 °C 

shows a rough surface which leads to a poor device performance. 
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6.4  Summary 

 

Highly thermal stable polymer : fullerene bulk-heterojunction solar cells 

were demonstrated by employing fluorenylidene-malononitrilie-based solid 

additives. 2FCN shows the most promising results that preserve 90% of the origin 

power conversion efficiencies, upon thermal aging at 100 °C for more than 20 

hours in PTB7:PC71BM solar cells. This compares to a loss of 30% of initial 

efficiency in control device. A detailed investigation was carried out to study the 

charge carrier transport, defects, and morphological changes during the thermal 

decay. The results suggest a charge transfer interaction occurs between the 

additives and donor moiety of polymer. Together, the additive and the polymer 

formed a locked network which freezes the BHJ morphology during thermal 

stress. Two other BHJs based on highly used polymer donors PTB7-Th and P3HT 

have been investigated, too. Both show improved of thermal stability upon the 

addition of fluorenylidene-malononitrilie-based solid additives, confirming the 

generality of CT interaction lock to enhance thermal stability. 
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Chapter 7 

Non-Fullerene Polymer Electron Acceptors
††

 

 

7.1  Introduction 

  

 Although fullerenes are widely accepted designs as electron acceptors in 

bulk-heterojunction (BHJ) solar cells, they are known to suffer from the several 

drawbacks. (1) Fullerenes are difficult to modify chemically. So, it is difficult to 

tune their optoelectronic properties, such as the optical absorption spectra and the 

carrier transport energy levels. This drawback restricts the full utilization of the 

light spectrum. (2) Under the stress of heat, fullerene molecules in a BHJ tend to 

form large aggregations, which lead to disconnected domains and inferior electron 

transport, resulting in a poor power conversion efficiency (PCE).
[1-2]

 (3) In most 

of the BHJ solar cells, solvent additives, such as 1,8-diiodooctane (DIO), are 

essential in the processing solution in order to prevent excessive fullerene 

aggregations.
[3]

 It is reported that DIO may oxidize the polymer and reduce the 

photostability.
[4]

 This extra processing parameter introduces undesirable 

uncertainties in fabrication of OPV solar cells. 

 

In contrast to fullerene acceptors, non-fullerene (NF) acceptors received little 

attentions prior to 2010. Breakthroughs, however, occured in 2013 when OPV 

cells based on non-planar diimide acceptors achieved a PCE in excess of 4%.
[5]

 

Unlike the “buckyball” shape fullerenes, most effective NF-acceptors usually 

adopt twisted 2D structures, using perylene-diimide (PDI) or indacenodithiophene 

(IDT) as functional groups. In a recent report published by Hou et al., with fine 

                                                      
††

 Parts of this Chapter have appeared in Chem Comm. 2017, 53, 3249. 
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energy level modulations of NF-acceptors, a record-breaking PCE of 12% has 

been achieved.
[6]

 It is also the first time that the PCE of an NF-based OPVs device 

has overcome the fullerene-based OPV cells and tops the world record. Figure 7.1 

is an updated summary of the PCEs of OPVs using NF acceptors. Although the 

NF-based OPV cells seem to have great potentials, reports on acceptable 

performances (PCE > 8%) are not yet abundant. Most published data reported 

devices with fill factors of only 55% or less. If there is good understanding for the 

NF-acceptors, better OPV performances should be achievable and improved 

NF-acceptor designs should be available to further boost the efficiencies of OPV 

cells. A fundamental understanding of the physical properties of these new 

acceptors is, therefore, urgently needed in order to speed up the material 

innovation process. Guidelines need to be established through systematic studies 

of some model NF-acceptors. 
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Figure 7.1 A depiction showing the key historical PCE values of 

fullerene-based and non-fullerene-based OPV cells. The recent 

PCEs published after 2016 are highlighted in red stars. The insets 

show the chemical structures of fullerene (black), PDI (blue) and 

ITC (red). Parts of the data points are adapted from Ref. 7. 
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 In this Chapter, all-polymer solar cells (all-PSCs) employing naphthalene 

diimide (NDI) polymers as electron acceptors will be focused. NDI polymers are 

a family of promising acceptors because of their high electron mobilities, 

appropriate electron affinities, with larger and broader absorption spectra.
[8-11]

 

These properties can be fine-tuned by (1) introducing proper donor and/or 

acceptor moieties into NDI polymer backbones, (2) random and regioregular 

polymerization. In collaboration with Prof. Beng S. Ong from Chemistry 

Department in Hong Kong Baptist University, one random (P1) and one 

regioregular (P2) isomer electron acceptors were obtained. As demonstrated in 

Figure 7.2, both P1 and P2 employed a combination of thiophene-linked 

difluorobenzene (TD) unit and a thiophene-linked NDI (TN) unit. P2 consists of 

regular alternating TD and TN units, while in P1 the TD and TN units are in 

random sequence with a monomer mole fraction of 50:50 [Labeled in Figure 

7.2(a)]. Using PTB7-Th as electron donor, their OPV device performance and 

electrical properties were studied. 
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Figure 7.2 (a) Chemical structures of electron donor PTB7-Th, and electron 

acceptors P1 and P2. The label “0.5” in P1 represents the mole 

fraction of each monomers. (b) Their corresponding energy levels. 
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7.2  Experimental Details 

 

 Synthetic procedures of polymer acceptors P1 and P2 are well documented 

elsewhere.
[12]

 The number-average molecular weight (Mn) for P1 and P2 are 22.3 

kDa (PDI: 4.57) and 44.8 kDa (PDI: 6.38) respectively. PTB7-Th, 

1,2-dichlorobenzene (o-DCB), DIO, Spiro-TPD, PEDOT:PSS was purchased 

from 1-Material, Sigma-Aldrich, Tokyo Chemical Industry Co., Luminescence 

Technology, Heraeus respectively. These materials were used as received. CuPc 

was purchased from Sigma-Aldrich, and was purified by sublimation before use. 

 

 The OPV devices have a structure of ITO/PEDOT:PSS/polymer donor : 

polymer acceptor/LiF/Al. The patterned ITO glass substrate was firstly cleaned by 

deconex for 10 min at 120°C, then cleaned by deionized water, acetone in 

ultrasonic bath, followed by UV-ozone treatment. PEDOT:PSS was spin coated on 

the UV-ozone-treated substrate as the anode buffer layer followed by annealing at 

140°C for 10 min in air, resulting in a 30 nm film. PTB7-Th:P1 or PTB7-Th:P2 at 

different weight ratios were blended and dissolved in 1,2-dichlorobenzene in a 

total concentration of 12 mg mL
-1

; 1 vol% DIO was added as a solvent additive. 

The solution was stirred at 80°C overnight, before spin coated on PEDOT:PSS in 

a N2 filled glove box to form a ~100 nm active layer. The sample was annealed at 

90°C for 30 minutes, before evaporation of LiF (1 nm) and Al (130 nm) on the 

BHJ layer under high vacuum. The resulting OPV devices were characterized by 

AM 1.5G simulator with an intensity of 100 mW cm
-2

. 

 

 The device structures for charge carrier mobility measurements were similar 

to all-PSC devices. For the electron-only devices, the PEDOT:PSS layer was 
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replaced by a 50 nm aluminum film that served as a hole blocking layer. For 

hole-only devices, spiro-TPD:CuPc/Au was used as the top electrode. 10 nm of 

Spiro-TPD:CuPc serve as electron blocking and trapping layer. It was done by 

thermal co-evaporation under high vacuum. A gold (130 nm) layer was 

subsequently evaporated onto the surface. After device fabrication, the device was 

transferred to an Oxford cryostat with a pressure of less than 20 mTorr for 

measurement. 
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7.3  Results and Discussions 

 

7.3.1 Optical and Electrochemical Properties
‡‡

 

 

Polymer fluorination is an effective approach to (1) lower the HOMO and 

LUMO simultaneously, (2) attain structural coplanarity, via C-F···S, C-F···H, and 

C-F···π interactions, (3) facilitate charge separation, which in turns reduce charge 

recombination and enhance charge carrier mobility.
[13-14]

 The normalized UV-vis 

absorption spectra of P1 and P2 are depicted in Figure 7.3 (a) and (b) respectively. 

They both show broad, dual-band absorptions: a short-wavelength band (300-450 

nm) arising from localized π-π* transition, and a long-wavelength band (500-750 

nm) from intramolecular charge transfer.
[15]

 From their dilute solution to thin films, 

both polymer acceptors show bathochromic shifts bathochromic shifts of about 

30-35 nm in their long-wavelength absorptions, while only P2 simultaneously 

experienced a red shift of 18 nm in its short-wavelength absorption (Table 7.1). 

This may be attributed to significantly higher molecular ordering of P2 in the thin 

film state by virtue of its structural regioregularity. 

 

Due to its structural regioregularity, P2 also showed much higher 

absorptivity than P1. Their thin-film absorption spectra is shown in Figure 7.3(c). 

P1 have absorption coefficients of 5.30× 10
4 

cm
-1

 at 388 nm and 4.19× 10
4 
cm

-1
 at 

600 nm. The values are lower than that of P2 (1.06× 10
5 

cm
-1

 at 388 nm and 5.67× 

10
4 

cm
-1

 at 620 nm). The higher spectral absorptivity of P2 supports the relatively 

better backbone coplanarity from its regioregularity. 

                                                      
‡‡

 This part is carried out by Mr. Ping Deng from Research Centre of Excellence, Institute of 

Creativity and Department of Chemistry, Hong Kong Baptist University 
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The electrochemical properties of P1 and P2 were investigated by cyclic 

voltammetry. Ferrocene/ferrocenium (Fc/Fc+) redox couple was used for 

calibration, the energy level is assumed to be −4.8 eV relative to vacuum.
[16]

 The 

LUMO of the polymer acceptor can be calculated from the following equation:
[17] 

 

 𝐿𝑈𝑀𝑂 = −(𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡 + 𝐸1 2⁄

𝐹𝑐/𝐹𝑐+

+ 4.8) (7.1) 

 

𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡 is the onset of oxidation, 𝐸1 2⁄

𝐹𝑐/𝐹𝑐+
is the half-wave potential of Fc/Fc

+
 

relative to Ag/AgCl reference electrode (-0.44 V).  P1 and P2 show similar 

LUMO levels and the calculated HOMO levels were -5.64 and -5.61 eV 

respective. The optical and electrochemical properties of P1 and P2 are 

summarized in Table 7.1. 
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Figure 7.3 Normalized uv-vis absorption spectrum of (a) P1 and (b) P2 in 

solution and thin films. (c) Thin-film absorptivities of P1 and P2. 
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Figure 7.4 Cyclic voltammogram of P1 and P2. 
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Polymer 

acceptor 

λ
max

[a] 

(nm) 

λ
max

[b] 

(nm) 

Optical band 

gap
[c]

 (eV)
 

E
ox

onset

 

(V) 

LUMO  

(eV) 

HOMO
[d]

 

(eV) 

P1 

388 388 
1.74 −0.44 −3.90 −5.64 

570 600 

P2 

370 388 

1.71 −0.44 −3.90 −5.61 

585 620 

 

Table 7.1 Optical absorption and electrochemical properties of polymer 

acceptors P1 and P2. 

 

Notes: 

[a] Measured in chlorobenzene solution 

[b] Measured as thin film 

[c] Optical band gap 

[d] Calculated from the LUMO energy level and optical band gap 
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7.3.2 All-Polymer Bulk Heterojunction Photovoltaic Devices 

Performances 

 

Consider the HOMO and LUMO levels of polymer electron acceptors. The 

energy levels would match well to the widely used polymer electron donor 

PTB7-Th (HOMO = -5.24 eV; LUMO = -3.66 eV) for sufficient charge transfer 

driving force. The BHJ photovoltaic properties of PTB7-Th:P1 and PTB7-Th:P2 

were evaluated using the OPV device configuration of 

ITO/PEDOT:PSS/BHJ/LiF/Al. For device performance optimization, the 

donor-acceptor (D-A) weight ratio was adjusted from 1:2 to 2:1, and DIO 

concentration from 0-2 vol%. As discussed in Chapter 4 and 5, the strategy of 

tuning the D-A weight ratio and DIO concentration is to balance the hole-electron 

mobility. It is also well established that DIO can improve the crystallinity of NDI 

polymers and enhance the carrier transport.
[18]

 

 

As shown in Tables 7.2 to 7.5, tuning the D-A weight ratio and the DIO 

concentration only have small effects on PTB7-Th:P1 device performance. The 

optimized PTB7-Th:P1 device (D-A weight ratio 1:1.5, 1 vol % DIO) gave a PCE 

of 1.30% with an open-circuit voltage (Voc) of 0.78 V, a short-circuit current 

density (Jsc) of 4.80 mA/cm
2
 and a fill factor (FF) of 0.34. On the other hand, 

PTB7-Th:P2 devices show substantial enhancements in Jsc (7.8 to 14.6 mA/cm
2
) 

and FF (30 to 44%) when 1 vol% of DIO is added into the casting solution. It is 

optimized at a D-A weight ratio of 1.5:1 with significantly a much higher PCE of 

5.20%. The much higher Jsc value for P2 devices is in good agreement with their 
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corresponding external quantum efficiency (EQE) spectra. The EQE spectra of 

optimized PTB7-Th:P1 and PTB7-Th:P2 all-PSCs are shown in Figure 7.9.  
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Figure 7.5 Current density-voltage curves of PTB7-Th:P1 all-PSCs at 

different DIO concentrations. 

 

 

DIO concentration 

(vol %) 
Jsc (mA cm

-2
) Voc (V) FF (%) PCE (%) 

0 4.7 0.75 30 1.1 

1 4.8 0.78 34 1.3 

2 4.6 0.79 32 1.2 

 

Table 7.2 Performance characteristics of PTB7-Th:P1 all-PSCs at different 

DIO concentrations. 
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Figure 7.6 Current density-voltage curves of PTB7-Th:P1 all-PSCs at 

different D-A weight ratios. 

 

 

PTB7-Th:P1 

D-A weight ratio 
Jsc (mA cm

-2
) Voc (V) FF (%) PCE (%) 

2 : 1 4.5 0.79 35 1.2 

1.5 : 1 4.8 0.78 34 1.3 

1 :1 4.4 0.78 31 1.1 

 

Table 7.3 Performance characteristics of PTB7-Th:P1 all-PSCs at different 

D-A weight ratios.  
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Figure 7.7 Current density-voltage curves of PTB7-Th:P2 all-PSCs at 

different DIO concentrations. 

 

 

DIO concentration 

(vol %) 
Jsc (mA cm

-2
) Voc (V) FF (%) PCE (%) 

0 7.8 0.80 30 1.8 

0.5 11.0 0.82 45 4.1 

1 14.6 0.80 44 5.2 

2 11.1 0.82 42 3.8 

 

Table 7.4 Performance characteristics of PTB7-Th:P1 all-PSCs at different 

DIO concentrations.  
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Figure 7.8 Current density-voltage curves of PTB7-Th:P2 all-PSCs at 

different D-A weight ratios. 

 

 

PTB7-Th:P2 

D-A weight ratio 
Jsc (mA cm

-2
) Voc (V) FF (%) PCE (%) 

2 : 1 13.0 0.79 41 4.3 

1.5 : 1 14.3 0.80 44 5.2 

1 :1 11.4 0.79 44 4.0 

 

Table 7.5 Performance characteristics of PTB7-Th:P1 all-PSCs at different 

D-A weight ratios.  
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Figure 7.9 EQE spectra of optimized PTB7-Th:P1 and PTB7-Th:P2 all-PSCs. 
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7.3.3 Electrical Properties of the Polymer Acceptors 

 

From the structural regioregularity of P2, and a higher short-circuit current 

density of its all-PSC, PTB7-Th:P2 should have a higher electron mobility than 

that of PTB7-Th:P1. The charge carrier mobilities of both blends were 

investigated using the space-charge-limited current (SCLC) method with the 

electron-only and hole-only devices: 

 

 𝐽𝑆𝐶𝐿  𝑑 =
9

8
𝜀0𝜀𝑟µ0 𝑒𝑥𝑝(0.89𝛽√𝐹)𝐹2 

(7.2) 

 

, where JSCL is the space-charged-limited current density, d is the thickness of 

tested layer, ε0 is the permittivity of vacuum, εr is the relative permittivity of the 

polymer, μ0 is the zero-field mobility, β is the field-dependent coefficient, and F is 

the average electrical field applied on the sample.
[19-20]

 The J-V characteristics and 

SCLC fittings at room temperature for PTB7-Th:P1 and PTB7-Th:P2 are 

demonstrated in Figure 7.10. The zero-field electron mobility (μ0,e) and hole 

mobility (μ0,h) of the PTB7-Th:P1 blend are estimated to be 1.3 × 10
-6

 cm
2
V

-1
s

-1
, 

and 7.3 × 10
-5

 cm
2
V

-1
s

-1
, respectively; while those of  PTB7-Th:P2, μ0,e = 2.1 × 

10
-4

 cm
2
V

-1
s

-1
 and μ0,h = 1.6 × 10

-4
 cm

2
V

-1
s

-1
. The PTB7-Th:P2 blend exhibits 

higher μ0,h and μ0,e then PTB7-Th:P1. Besides larger values of electron and hole 

mobility, PTB7-Th:P2 also shows a more balanced hole-electron mobility ratio. 

As calculated in Table 7.6, the hole and electron mobility of PTB7-Th:P2 

balanced at ~10
-4 

cm
2
V

-1
s

-1
, while in PTB7-Th:P1 electron mobility is 50-times 
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lower than hole mobilities. This observation is in good agreement with the better 

Jsc and FF for the PTB7-Th:P2 all-PSC. 

 

 To further investigate the outstanding performance of PTB7-Th:P2 all-PSC 

in the aspect of electron transport, temperature-dependent J-V measurements 

between 245 K and 339 K were also carried out. [Figure 7.11(a)] From the 

y-intercept and slope of Figure 7.11(b), one can extract the 

high-temperature-limit electron mobility and the energetic disorder of 

PTB7-Th:P2 as 4.4×10
-3

 cm
2
V

-1
s

-1
 and 65 meV respectively. Those values are 

close to those reported in fullerene based OPV devices.
[21]

 P2 should be a 

respectable choice of electron acceptor in the future development of all-PSC. 
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Figure 7.10 Semi-log J-V plots of PTB7-Th:P1 and PTB7-Th:P2 (a) hole-only 

and (b) electron-only devices. The solid curves show the SCLC 

fittings. 
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BHJ blends μ0,e (cm
2
V

-1
s

-1
) μ0,h (cm

2
V

-1
s

-1
) μ0,e/μ0,h 

PTB7-Th : P1 1.3×10
-6

 7.3 × 10
-5

 0.018 

PTB7-Th : P2 2.1×10
-4

 1.6 × 10
-4

 1.313 

 

Table 7.6 The zero-field hole and electron mobilities of PTB7-Th : P1 and 

PTB7-Th : P2 investigated by SCLC method. The last column 

indicates the ratio of electron to hole mobilities. 
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Figure 7.11 (a) Temperature dependent J-V characteristics of PTB7-Th:P2 

electron-only device. The extracted zero-field electron mobilities 

are plotted against 1/T
2
 in (b). 
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7.3.4 Crystallinity and Surface Morphologies  

 

 X-ray diffraction (XRD) and atomic force microscopic (AFM) measurements 

were carried out to study the crystallinity of P1 and P2 films. Figure 7.12 shows 

the thickness-adjusted XRD diffraction patterns of thin films of P1 and P2 spin 

casted on top of silicon wafer. Both polymer acceptors displayed diffraction peaks 

arising from lamellar interlayer (2θ ≈ 4°) and π-π stacking orderings (2θ ≈ 20°) in 

their thin-film XRD diffraction patterns.  The diffraction signals of P2, 

particularly (100) interlayer ordering, were significantly more intense than those 

of P1. Furthermore, the second-order (200) diffraction peak (2θ = 8.2°) was also 

visible in the P2 diffraction pattern. These results strongly support a higher degree 

of molecular ordering in the thin film of P2. The interlayer (100) and π-π stacking 

(010) peaks of P1 were at 2θ = 3.9° and 2θ = 21.0° respectively, corresponding to 

respective d-spacing of 22.6 Å  and 4.22 Å . On the other hand, P2 exhibited 

lamellar interlayer peak (100) at 2θ = 4.1° and π-π stacking peak (010) at 2θ = 

23.0°, corresponding to d-spacing of 21.5Å  and 3.86Å , respectively. The values 

are summarized in Table 7.7. The closer π-π stacking distance of P2 indicates a 

higher molecular ordering, and this is in good agreement with the observed higher 

electron mobility and enhanced photovoltaic properties. 

 

Figure 7.13 shows the AFM images of PTB7-Th:P1 and PTB7-Th:P2 

processed with and without DIO processing additive. The surface morphologies of 

PTB7-Th:P1 films did not show any noticeable changes when fabricated from 

o-DCB solutions with or without DIO. The film surfaces are smooth and the root 

mean square (RMS) roughness remains below 1 nm. In sharp contrast, apparently 
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distinct morphological changes occurred when PTB7-Th:P2 films were fabricated 

in the presence of 1 vol% of DIO. The resulting film exhibited substantially 

rougher surface morphology with the RMS roughness of 3.4 nm. Distinctly 

discernible nanofibrillar network structure could be clearly observed. This 

interconnected nanofibrillar network structure provides a longer intermolecular 

transport pathway, shorter average electron hopping distances, leading to a higher 

electron mobility.
[22]
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Figure 7.12 Thickness adjusted XRD patterns of thin films of P1 and P2 on 

silicon wafer substrates. 
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P1 

Diffraction peak (100) (200) (010) 

Peak position (°) 3.9 ------ 21.0 

Spacing (Å ) 22.6 ------ 4.22 

    

P2 

Diffraction peak (100) (200) (010) 

Peak position (°) 4.1 8.2 23.0 

Spacing (Å ) 21.5 ---- 3.86 

 

Table 7.7 Diffraction peaks and their corresponding d-spacing extracted from 

Figure 7.12. 
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Figure 7.13 AFM height images of BHJ films fabricated from o-DCB solutions: 

PTB7-Th:P1 films fabricated without DIO (a) and with DIO (b); 

PTB7-Th:P2 films fabricated without DIO (c) and with DIO (d). 
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7.4  Summary 

 

In this Chapter, two new difluorobenzene-naphthalene diimide based 

polymer electron acceptors, one random (P1) and one regioregular (P2) structure, 

for all-polymer photovoltaic devices were investigated. The effects of the 

structural regioregularity on the light absorption, energy levels, charge transport, 

morphology, and photovoltaic properties were inspected. The longer-wavelength 

peak and stronger spectral absorption, as well as higher crystallinity reflected in 

its XRD properties, suggesting regioregular P2 possess significantly better 

molecular packing. As a result, P2 exhibited much a higher electron mobility and 

more balanced hole-electron mobilities in its composite film with polymer donor, 

PTB7-Th. When processed with suitable amount of solvent additive DIO, 

extensively interconnected nanofibrillar network structure can be observed in 

PTB7-Th:P2 thin films. This observation explains for the significantly enhanced 

Jsc, FF and PCE than its random counterpart, P1. The optimized PTB7-Th:P2 

device had achieved a respectably high PCE over 5% for all-PSC. It is believed 

that proper structural modification on the active layer materials as well as 

processing optimization would lead to improved performances for all-PSCs.  
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Chapter 8 

Conclusions and Outlook 

 

 This thesis presents the charge carrier transport properties and electronic 

interactions in the bulk heterojunction (BHJ) active layer of organic photovoltaic 

cells. They are well correlated with OPV device performances. 

 

 In Chapter 4, the beneficial effect of a common solvent additive, 

1,8-diiodooctance (DIO) on PTB7:PC71BM OPV cells, was investigated. 

Space-charge-limited current (SCLC) measurement and admittance spectroscopy 

(AS) were employed to study the charge transports. At donor-acceptor (D-A) 

weight ratio of 1:1.5, it turns out BHJ films processed with DIO remarkably 

enhances the electron mobility with its concentrations, more than 2 orders 

increase for DIO from 0 to 10 vol%. However, DIO shows a negligible impact on 

the hole mobility. The origin of the increased electron mobility can be attributed 

to the reduced average electron hopping distance in the presence of DIO. A 

balanced hole-electron mobility at 3 vol% DIO is the key reason of its optimized 

device performance. In light of carrier transport measurements, it is suggested that 

the hole mobility is bottleneck of the device performance. To prove our claim, a 

“polymer-rich” strategy was demonstrated with significantly reduced fullerene 

content from D-A weight ratio of 1:1.5 to 1:1 and increased volume concentration 

of DIO. The optimized device performance can be still preserved. 

 

After understanding the importance of balanced hole-electron mobility, in 

Chapter 5 the impact of donor-acceptor weight ratio on the performance of PTB7 : 

PC71BM based OPV cells was explored. Early stage electronic donor-acceptor 
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interactions were revealed using ultra-low dosages of fullerenes. Three distinct 

regimes can be uncovered in terms of the electron transport pathway evolution. 

Using SCLC model with traps to correlate device performances and transport 

parameters, the hole mobility only exhibit a slight reduction as the fullerene 

weight fraction is increased from 0-80%. In contrast, the electron mobility 

exhibits three distinct regimes that correlate very well with the change in device 

performances. Before electron transport pathway percolate, the unconnected 

fullerene domains act as traps and hindered electron mobility. From the 

photothermal deflection spectroscopy (PDS), the trap density inside BHJ films 

was observed to be well anti-correlated with fill factor of OPV devices. The origin 

of low FFs is mainly due to the electron traps and localized states from fullerenes. 

Based on the observations, it is proposed that PC71BM tends to intercalate with 

PTB7 backbone instead of self-aggregates before the electron pathway 

percolation. 

 

In this thesis, solutions to improve processing window of OPV cells was also 

proposed. Fullerene-based OPV devices usually suffer from domain aggregations 

under high temperature and form discontinuous carrier transport pathways, 

resulting in degraded photovoltaic performance. In Chapter 6 demonstrated highly 

thermal stable polymer : fullerene BHJ OPV cells by employing 

fluorenylidene-malononitrilie-based solid additives. A charge transfer interaction 

between the additives and donor moiety of polymer formed a “mesh-like” locked 

network which freezes the BHJ morphology during thermal stress. At an 

optimized concentration of additive, charge carrier mobilities, trap densities and 

domain size were well maintained under heat. The most promising result with 
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90% of origin efficiency, upon thermal aging at 100 °C for over 20 hours in 

PTB7:PC71BM solar cells.  

 

Besides fullerene-based OPV, all-polymer photovoltaic solar cells (all-PSCs) 

were also investigated in Chapter 7. Two new difluorobenzene naphthalene 

diimide based polymer electron acceptors, one random (P1) and one regioregular 

(P2) structure, were compared. The effects of the structural regioregularity on the 

light absorption, energy levels, charge transport, morphology, and photovoltaic 

properties were inspected. As a result, P2 exhibited a much better molecular 

packing, a higher electron mobility and more balanced hole-electron mobilities in 

its composite film with polymer donor, PTB7-Th. An optimized PTB7-Th:P2 

device had achieved a respectably high PCE over 5% for all-PSC. These all-PSCs 

open a new avenue for next generation OPVs. 

 

 During the course of this thesis work, several new approaches were 

demonstrated to further boost up the OPV device performances and broaden the 

processing window: 

 

[1] Ternary (or even quaternary) blend in the active layer: 

 

The main idea is to choose more than two materials with complementary 

light absorption, and interestingly, overcome the hole mobility bottleneck as 

mentioned in Chapter 4. In 2016, Wei et al. demonstrated a 

PTB7-Th:p-DTS-(FBTTH2)2:PC71BM ternary blend OPV devices with impressive 

average PCE of 10.5% obtained.
[1]

 In this case, the ternary blend has an optimized 

composition of PTB7-Th:p-DTS-(FBTTH2)2:PC71BM of 0.85:0.15:1.1, while 
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controlled binary blend of PTB7-Th:PC71BM and p-DTS-(FBTTH2)2:PC71BM 

have optimized PCEs of 9.2% and 5.4% respectively. The ternary blend shows 

distinct enhancement in FF (from 65% to 75%). It was proposed that two donor 

materials form an alloy with high hole mobility. In light of their findings, our 

recent publication also shows the ability of thick film OPV device fabrication 

employing p-DTS-(FBTTH2)2 as a ternary component.
[2]

 The thick BHJ cells can 

retained 90% PCEs of the optimized thin-film cells. The electronic and the 

nano-scale interactions between p-DTS-(FBTTH2)2 and donor polymers were 

traced by PDS and 
1
H nuclear magnetic resonance spectroscopy. 

 

[2] Small molecule and polymer non-fullerene electron acceptors: 

 

As discussed in Chapter 7, non-fullerene (NF) electron acceptors attracted 

attentions since 2013. Most effective NF-acceptors usually appear as twisted 2D 

structures, using perylene-diimide (PDI) or indacenodithiophene (IDT) as 

functional groups. In a recent report published by Hou et al., with fine energy 

level modulations of NF-acceptors, the PBDB-T:IT-M OPV device achieved a 

record-breaking PCE of 12%.
[3]

 Another NF-based OPV device PBDB-T:ITIC 

show excellent thermal stability.
[4]

 Besides PDI and IDT, material scientists are 

reporting more and more functional group designs, and they demonstrate 

promising photovoltaic characteristics. Two examples are 3D star shape prophyrin 

derivatives reported by Li et al. and fluorine derivatives reported by Chen et al. 

They both achieved a respectable PCE of around 8%.
[5-6]
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[3] Development of “green” solvent: 

 

OPV solar cells typically utilize toxic halogenated solvents as casting 

solution, such as chlorobenzene (CB). This is unfavorable for large-scale 

production. In addition, halogenated solvents do not exist in nature, in other words, 

they require relatively costly synthetic steps. One alternative is to use 

hydrocarbons solvents, which are more environmentally friendly and readily 

available from petroleum. However, one of the main challenges is that 

state-of-the-art donor and/or acceptor materials typically exhibit poor solubility in 

non-halogenated solvents, results in a poor BHJ morphology containing 

excessively large domains. Recently, He et al. combined a solvent 

1,2,4-trimethylbenzene (TMB) and a novel additive 1-phenylnaphthalene (PN), 

presented a best PCE of 11.7% in PffBT4T-C9C13:PC71BM OPV devices.
[7]

 At the 

same time, Ade et al. revealed that using o-methylanisole (o-MA), a certified food 

additive, as casting solvent of PBDTTSR:PC71BM OPV device.
[8]

 The o-MA 

casted BHJ achieved similar crystallinity and domain purity with that achieved by 

widely used binary halogenated solvents (CB:DIO). The blade-coated devices 

fabricated in ambient air obtained a promising PCE of 8.4%. It opens a new door 

for industrial scale, large area roll-to-roll printing of high-efficiency OPVs in air. 
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[4] Synthesis of new materials with smaller Voc loss: 

 

One of the limiting factors of OPVs is their large energy losses in the 

conversion from photons to electrons. Typically the value is around 0.6 eV and 

often higher than those of inorganic solar cells, resulting to a low open-circuit 

voltage (Voc) of around 0.8 V. There are several models that correlates the charge 

transfer (CT) energy and Voc together.
[9-10]

 The question of how the BHJ blends 

alter CT states and the Voc is seldom addressed systematically. In a recent study, 

McGehee et al. reported the CT energy varies with temperature, and it is 

correlated with D-A interfacial disorder.
[9]

 PDS maybe a powerful tool to probe 

the CT states, as demonstrated in Chapter 5. In addition, with more designs of 

OPV materials, especially NF electron acceptors, one can explore the CT-Voc 

relationship more systemically. MuCulloch et al. employed a NF acceptor FBR, 

achieved a loss of only 0.5V between the optical band gap of the polymer 

(PffBT4T-2DT) and Voc, resulting in a Voc up to 1.12 V.
 [11]

 

 

Material scientists can make any material they want, but they don’t 

necessarily know what they want to make. The author hope this thesis will guide 

them to the bright future. Continuing to improve our fundamental understanding 

of charge carrier transport and electronic interactions through multidisciplinary 

efforts provides the best path forward. 
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