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General introduction 

There has been a strong global demand for renewable and clean energy over the last decades 

due to the rapid consumption of non-renewable fossil fuels and the resulting greenhouse effects. 

Photovoltaics, which can convert the energy of sunlight into electricity, represent one of the 

most promising avenues to harvest clean and renewable energy. Among different photovoltaic 

technologies, the conjugated polymer/fullerene solar cells have been intensively investigated 

due to advantages such as property tunability through chemical modifications and the 

compatibility to low-cost manufacturing processes. Despite these advantages, the power 

conversion efficiency of organic photovoltaic (OPV) devices still has to be improved for them 

to be commercialized in large scale. Among different strategies, the incorporation of metallic 

nanoparticles with sub-wavelength size represents an important tool to improve the device 

performance through boosting the light harvest and the charge generation efficiency in optical 

thin OPV devices.  

In this thesis, we synthesized silver nanoprisms (Ag NPSMs) through thermal reduction 

method and we incorporated them into the PEDOT:PSS layer of organic solar cell (OSC). 

PEDOT:PSS layer typically acts as a buffer layer between photoactive layer and anodic 

electrode in OPV devices. We studied the effects of such incorporation on the structural, 

optical and electrical properties of PEDOT:PSS films and the device performance of the 

resultant plasmonic solar cells.  

Chapter I presents the background knowledge on OPV and plasmonic OPV devices. This 

knowledge includes the state-of-art of photovoltaic results, the operational mechanism of OPV 

devices, introduction on bulk heterojunction OPV devices using polymer and fullerene 

derivatives, bulk plasmons, surface plasmons, localized surface plasmon resonance (LSPR) 

and the applications of LSPR in OPV devices.  

Chapter II introduces the experimental materials, general methods and techniques used in this 

thesis. These techniques and methods were used throughout this thesis to prepare thin film 

samples and OPV devices, to optimize OPV devices, to characterize the structural, optical and 

electrical properties of the film samples, and to determine the photovoltaic characteristics of 

the resulting OPV devices.  
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Chapter III presents the synthesis and characterizations of the Ag NPSMs and their effects on 

the structural, optical and electrical properties of resulting hybrid PEDOT:PSS-Ag NPSM 

films. 

In Chapter IV, we firstly present the optimization of the regular P3HT:PCBM bulk 

heterojunction solar cells through an optimization of parameters including thermal annealing, 

solvent annealing and the incorporation of additives. Subsequently, the effects of incorporating 

Ag NPSMs into PEDOT:PSS layer on the device performance are studied.  

Appendix I describes the synthesis method used for Ag nanospheres. Appendix II describes an 

alternative approach to synthesize Ag NPSMs by one-step thermal reduction. Appendix III 

presents photovoltaic characteristics of OSC using PTB7 as donor material and PC70BM as 

acceptor. Appendix IV presents the method used to obtain a phase transfer of Ag NPSMs from 

aqueous solution to organic solvents. Appendix V lists the experimental results of 

incorporating Ag NPSMs within the photoactive layer of OSCs and as well as the resulting 

photovoltaic characteristics of the plasmonic OSCs.  
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Chapter I  

Introduction and Background Knowledge 

1.1. Introduction 

In 2013, the oil was still the world’s leading fuel and accounted for 32.9% of the global energy 

consumption, and the coal and natural gas took the second and third place, corresponding to 

30.1% and 23.7% respectively. The renewable energy accounted for 2.7% of global energy 

consumption and 5.3% of global power generation [1]. In the field of renewable energy, 

photovoltaics (PV) represented at least 0.85% of the global electricity production in 2013 [2]. 

This is a very small proportion of the total global energy consumption. However, the solar 

energy reaching the earth per year is much more than the total energy consumed by humanity in 

one year (~ 10,000 times of the energy consumed in the year of 2004 [3]). This suggests that 

solar energy has a high potential capacity to contribute to our energy consumption.  

For non-renewable energy source such as fossil fuels, they release huge amounts of greenhouse 

gas (CO2, CH4, etc.) and other air pollutants [4–6]. For example, the CO2 emission of coal can 

be as high as 1000 g/kWh. Therefore, many governments form mutual agreements in the Kyoto 

Protocol to the United Nations Framework Convention on Climate Change to put an effort for 

the reduction of the emission of greenhouse gas. One promising choice to solve this problem is 

to utilize solar energy which is clean and renewable.  

In brief, as solar energy has a high capacity to contribute to our ever growing needs of energy 

consumption, it is necessary to develop the photovoltaic technology to exploit this clean and 

renewable energy. Such technology, if able to replace entirely or partly those technologies 

based on fossil fuels, can lead to a significant reduction of greenhouse gas emissions.  

1.2. State-of-art of photovoltaics 

1.2.1. History and development of photovoltaics 

A.E. Becquerel is probably the first researcher who reported the photovoltaic effect in 1839 [7]. 

This effect allows the transformation of solar energy directly into electricity. Then Charles 

Fritts created the first working solar cell in 1883 with a power conversion efficiency of about 

http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Electrical_efficiency
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1%. In 1941, Russell Ohl developed the first silicon p/n junction and since then the research on 

solar cells has been developed very rapidly. Up to 1959, the company Hoffman Electronics has 

achieved a commercial solar cell showing 10% power conversion efficiency (PCE). Up to date, 

the best solar cell fabricated from research laboratory can reach over 40% in PCE by various 

techniques and materials (record 44.4%, Figure 1.1).  

According to the time of their first appearance, solar cells can be mainly classified into three 

generations. The first-generation solar cells are based on silicon wafers mainly containing 

single crystalline or polycrystalline silicon. These types of solar cells dominate the market 

owning to their excellent and stable industrial performance. However, without government 

subsidy, the fabrication cost of crystalline silicon solar cells is relatively high. Their 

performance can be summarized as follows: 

 Single crystalline silicon solar cells: Today's best-performing crystalline silicon solar cells 

from laboratories achieve about 25% in PCE (Figure 1.1). Lower PCE of 15% ~ 18% can 

be achieved in cells fabricated by industry [8]. The market share of single crystalline solar 

cells to total worldwide PV production in 2012 was 40.3% [9].  

 Polycrystalline silicon solar cells: The polycrystalline silicon solar cells have a laboratory 

efficiency record of 20.4% (Figure 1.1), while the industrial average efficiency is about 13% 

to 16% [8]. The market share of polycrystalline solar cells in 2012 was 45.0% [9]. This 

relatively higher market share is due to their cheaper production process comparing to 

single crystalline solar cells despite of their lower efficiency.  

The second-generation solar cells are usually called thin-film solar cells. These cells are made 

from layers of semiconductors of only a-few-micrometer-thick and exhibit a relatively lower 

efficiency than those of first-generation solar cells. However, the thin film solar cells are much 

cheaper to produce due to the reduction of material and less expensive manufacturing 

processes. This generation of solar cells mainly contains three types: amorphous silicon (a-Si), 

cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS) solar cells.  

 a-Si solar cells typically have a thickness of a few microns which is much thinner than that 

of crystalline silicon solar cells (thickness ~ 180 microns).The efficiency of a-Si solar cells 

made from laboratories can be as high as 13.4% (Figure 1.1) while 10% of PCE can be 

achieved for commercial a-Si solar cells. In 2012, their market share was 4.5% [9].  

 CdTe solar cells have an ideal bandgap (1.44 eV) and thus their absorption show a good 

match with the solar spectrum. CdTe solar cells have a laboratory efficiency of 20.4% 

http://en.wikipedia.org/wiki/Russell_Ohl
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(Figure 1.1) and an industrial efficiency of 11% with a market share of 6.3% in 2012 [9]. 

Their modest efficiency together with the use of scarce and toxic elements (i.e. tellurium 

and cadmium) limit their large-scale commercialization. 

 CIGS solar cells have a relatively high efficiency (laboratory efficiency 20.8%, Figure 1.1) 

but their mass production turns out to be relatively difficult at competitive prices. This is 

due to the vacuum processes and the high temperature treatments required in the 

manufacture as well as the scarcity of indium. Their industrial efficiency is 14% and they 

took 3.5% market share in 2012 [9]. 

 

Figure 1.1 Evolution of solar cells’ power conversion efficiency record for all types of photovoltaics [10] 

The third-generation solar cells refer to a range of technologies, such as concentrator solar cells, 

tandem solar cells, dye-sensitive solar cells, organic solar cells, and quantum dots solar cells. 

There are also some other new-concept solar cells, for example, perovskite solar cells and 

CZTSSe cells. The goal of development here is to improve efficiency, to reduce production 

cost and to develop non-conventional products offering market diversity. Due to various 

reasons such as low efficiency, short lifetime and high production cost, most third-generation 

solar cells are still limited in the laboratory stage.   
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1.2.2. Development of organic solar cells 

Among the third-generation solar cells, there has been intensive interest on the development of 

organic solar cells. Compared to inorganic solar cells, they can enable low-cost manufacture 

such as roll-to-roll printing and large-scale applications. 

The organic solar cells are typically made from conducting and semiconducting organic 

materials including polymers and small molecules. The first highly conductive organic 

polymer, doped polyethylene, was discovered and developed by Hideki Shirakawa, Alan 

Heeger, and Alan MacDiarmid in 1977 for which they won the Nobel Prize in Chemistry in 

2000 [11]. In 1986 C. Tang successfully made the first working heterojunction organic solar 

cell from copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative [12]. The 

device showed an efficiency of about 1% with bi-layer architecture. Then Sariciftci [13] 

reported the first polymer/buckminsterfullerene (C60) heterojunction device in 1993. In 1994, 

Yu [14] made the first polymer bulk heterojunction solar cell with 

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and C60. In such a 

cell an acceptor (C60) and a donor (MEH-PPV) component were mixed and processed 

simultaneously to act as the active film. After this work, the bulk heterojunction configuration 

became an important device configuration in this research. Organic solar cells developed very 

rapidly during the last decade (Figure 1.2). Up to date, a laboratory efficiency record of 11.1% 

has been achieved by Mitsubishi Chem. (Figure 1.1 & Figure 1.2). However, compared to other 

technologies, the relatively low efficiency of organic solar cells, together with their short 

lifetime, limit their large-scale commercialization.  

 

Figure 1.2 Evolution of power conversion efficiency of organic solar cells in the last decade 
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1.3. Basic knowledge of organic solar cells 

To better understand the operational mechanism of organic solar cells, the basic knowledge of 

organic chemistry and organic solar cells (OSCs) is introduced in this section.  

1.3.1. Organic semiconductors and their applications in solar cells 

Conjugated semiconducting polymers are long-chain carbon-based large molecules. Some of 

them show good electrical and optical properties and have many applications in electronic and 

optoelectronic devices. 

In 1958, Giulio Natta first synthesized the linear polyethylene, but the conductivity of this 

crystalline polyethylene was very low. Until 1977, the conductivity of polyethylene was 

improved remarkably by doping halogen elements [15]. It has been reported that the 

conductivity can be enhanced to be close to 560 Ω
-1
∙cm

-1
 when the polyethylene film is doped 

with halogen or arsenic pentafluoride ions [16]. Later in 1982, Weinberger et al. [17] 

investigated polyethylene as an active material in organic solar cells. The initial device 

performance was poor. Then different polythiophenes [18], poly(p-phenylene vinylene) 

(PPV) [19] and PPV derivatives (e.g., MEH-PPV (Figure 1. 3) [14]) were introduced into 

organic PV field. The highly regioregular poly(3-hexylthiophene) (P3HT) (Figure 1. 3) came 

to become the material of choice starting from 1990s. Since then extensive studies have been 

carried out on P3HT-based solar cells. Recently, low bandgap polymers, such as 

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta 

[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT, Eg = 1.46 eV) and 

Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-eth

ylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7, Eg = ~ 1.8 eV) (Figure 1. 3), are 

intensively investigated as active materials in organic solar cells due to their ability to harvest 

more photons from the solar spectrum.  

1.3.2. The electronic structure of conjugated polymers 

Conjugated polymers have long chains consisting of carbon atoms. These carbon atoms form 

alternating single (σ) and double bonds (π). Following the law of linear combination of atomic 

orbitals and the hybrid orbital theory, due to this conjugated structure, the electrons in double 

bonds can delocalize over several backbone carbon atoms and form a delocalized π electron 

system which gives the polymer semiconducting properties. 
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Figure 1. 4 illustrates the structure, electron cloud distribution and bonding π 

orbital/anti-bonding π* orbital of ethylene. This is the simplest conjugated molecule. The 

carbon atom has an electronic configuration of 1s
2
2s

2
2p

2
. When forming bonds with other 

atoms, the 1s
2 

electrons do not participate in bonding since these electrons are strongly 

bounded to the nucleus. For the 2s
2 

and 2p
2
 orbitals, in the case of ethylene, each carbon atom 

makes covalent σ bonds with two hydrogen atoms, a single and double bond with the other 

carbon atom. To achieve this goal, the 2s and the in-plane 2px and 2py orbitals overlap with the 

adjacent carbon atom to form three degenerate sp
2

 hybridized orbitals (termed sp
2

 orbitals). 

These hybridized orbitals form three in-plane σ bonds with the other atoms. These hybridized 

orbitals form three in-plane σ bonds with the other atoms. These single bonds are strong and 

rigid. The electrons are localized over the two bonded atoms and they are associated with a 

large bonding energy. 

 

 Figure 1. 3 Some conjugated polymers investigated in PV cells. Top: Polyethylene, poly(p-phenylene vinylene) (PPV), 

poly(2-methoxy-5-(20-ethyl- hexyloxy)-1,4-phenylvinylene) (MEH-PPV), poly(3-hexylthiophene) (P3HT). Bottom: 

PCPDTBT, PTB7. 

 

Figure 1. 4 Structure, electron cloud distribution, bonding π orbital to the anti-bonding π* orbital of ethylene 
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The remaining 2pz orbitals of each carbon atom are extended out of the plane of sp
2

 orbitals and 

these pz orbitals interact with each other producing a π bond. Electrons forming such double 

bonds are delocalized with distribution located above and below the plane of the single bonds. 

The π bond lowers its bonding energy through splitting bond into two molecular orbitals (the 

bonding π orbital and the anti-bonding π* orbital, Figure 1. 4). In the ground state, both 

electrons of the π bond lie in the bonding orbital since this orbital has lowest energy. The 

highest energy level occupied by electrons is bonding π orbital and referred to as the 

highest-occupied molecular orbital (HOMO). Similarly, the anti-bonding π* orbital is termed 

as the lowest unoccupied orbital (LUMO).  

In the case of ethylene, each carbon atom donates one electron to the π system. When the 

conjugation length increases, more and more electrons and orbitals participate in bonding. The 

π molecular orbitals are delocalized over a longer and longer distance as the molecule gets 

larger. In the meanwhile, the gap between the HOMO and LUMO gets smaller and smaller. 

The evolution of π molecular orbitals in conjugated polymers with increasing conjugation 

length is shown in Figure 1. 5. 

 

Figure 1. 5 Evolution of π molecular orbitals in conjugated polymers with increasing conjugation length 

Theoretically, Hückel theory [20] predicts a continuous ladder of electronic states in an 

infinitely long conjugated polymer. But in practice, this continuous ladder splits into two bands 

associated with a lattice deformation to lower the total energy of the system, resulting in a gap 

opening up at the Fermi level. Hence, the highest-occupied molecular orbital of the lower band 

is the HOMO, the lowest unoccupied orbital is the LUMO and the energy difference between 

HOMO and LUMO is the bandgap (Figure 1. 5). Typically, the bandgap is in the order of 2 ~ 3 
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eV, e.g., ~ 2.1 eV for P3HT, or even smaller for low bandgap conjugated polymer, e.g., ~ 1.8 

eV for PTB7 [21]. 

In fact, conjugated polymer backbones may consist of atoms of some other elements or fused 

rings, e.g., sulfur atoms, as shown in Figure 1. 3. This replacement can affect the electronic 

structures [22] of the polymers and thus their properties. In the meanwhile, the side-chains can 

alter the crystallinity, solubility and also the electronic structure of the polymers [23,24]. The 

hetero-atom together with the side-chains allow a great tunability of polymer properties. 

1.3.3. Excitons and polarons in organic semiconductors 

An exciton is a quasiparticle formed by an electron and an electron hole which are attracted to 

each other by electrostatic Coulomb force. It exists extensively in insulators, semiconductors 

and in some liquids.  

An exciton can be formed by photo-induced excitation in semiconductors, which excites an 

electron to conduction band from valence band. In semiconductors with large dielectric 

constants and small energy gaps, the electric field screening tends to reduce the coulomb 

attraction force between electrons and holes. This screened Coulomb interaction together with 

the small effective mass of electron, the binding energy of excitons is typically small and on 

the scale of 0.01 eV. Thus the excitons can extend over many molecular units [25]. This type of 

excitons are termed as Wannier-Mott exciton [26]. Whereas in organic semiconductors, the 

dielectric constants are relatively lower (~ 3 to 4) as compared to their inorganic counterparts, 

leading to a larger screening length and thus a larger binding energy. The binding energy of 

excitons is typically in the order of 0.4 ~ 0.5 eV [27], with a variation range from 0.1 eV to > 1 

eV [28,29]. In this case, the term Frenkel exciton is applied [26]. Since the high binding energy, 

the Frenkel excitons usually reside on one molecule. Moreover, Frenkel excitons in organic 

semiconductors have a relatively short lifetime in the scale of nanoseconds and a short 

diffusion length (typically ~ 10 nm) [30,31]. If not dissociated, the excitons can relax to ground 

state by photon or phonon emission. 

There are two kinds of excitons in organic semiconductors: singlet and triplet excitons. Singlet 

excitons have total spin S = 0. They are generated directly from photon absorption with spin 

conservation as they are in ground state. The triplet excitons have total spin S = 1 with three 

possible linear combinations of wavefunctions. They normally cannot be gained from direct 

photon absorption but can be converted from singlet by intersystem crossing (time scale ~ 10 

http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Phonon
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ps) (Figure 1. 10). The triplet excitons have lower energy than singlet due to their larger 

electron-hole spatial overlap [32].  

If the excitons are separated, for instance, by an energetic driving force originated from the 

difference in the electronic levels of the donor and acceptor materials in organic solar 

cells [33,34], a positive (hole) and a negative (electron) charge are generated. The presence of a 

hole or electron charge in organic semiconductors will lead to a local distortion of polymer 

chains; the coupling of charge and the induced structural relaxation is termed polarons. The 

presence of polarons creates two new states in the bandgap (since the lattice relaxation lowers 

the total energy) and thus introduces new absorption transitions (Figure 1. 6).  

 
Figure 1. 6 Polaronic (positive and negative polaron) and excitonic (exciton) energy levels and the associated sub-bandgap 

transitions. Transitions (E2 & E4) in dash-line are symmetrically disallowed. 

1.3.4. Photo-conversion process 

The complete photo-conversion process consists of six steps in organic solar cells. In bulk 

heterojunction organic solar cells these steps include: (i) absorption of photons, (ii) generation 

of excitons, (iii) diffusion of excitons, (iv) dissociation of excitons at the donor/acceptor 

interface, (v) charge transport to electrodes (holes to anode and electrons to cathode) and (vi) 

charge collection at the electrodes. These six steps are shown in Figure 1. 8. More details about 

the concept of bulk heterojunction organic solar cells will be given in Section 1.3.5 and 1.4. 

1.3.4.1. Absorption of photons and generation of excitons 

When sunlight reaches the earth, part of it is scattered by molecules, aerosols and dust particles 

in the atmosphere; other part of it is absorbed by different gases in the atmosphere, such as 

oxygen, O3, H2O, CO2. Hence, the intensity and spectrum of sunlight that reaches the Earth’s 

surface significantly depend on the length of the light path through the Earth’s atmosphere, 

whereas this length varies during the day time and also depends on latitude and time of year. In 

practice, the term Air Mass (AM), ratio of any actual sunlight path length to the minimum 
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value (when the sun is directly overhead, i.e. at the zenith), is usually used to help characterize 

the spectral content and intensity of solar radiation after traveling through the Earth’s 

atmosphere. The AM value is given by Equation 1. 1 [35]: 

cos

1
AM          Equation 1. 1 

Where θ is the angle of incident (θ = 0 when the sun is directly overhead) (Figure 1. 7).  

Hence, just outside the earth’s atmosphere, the solar energy intensity is about 1353 W/m
2
 [35], 

and the spectral distribution is referred to as Air Mass zero (AM 0) radiation spectrum. An AM 

1.5 (θ = 48.2° [36]) which has an intensity of 1000 W/m
2
 is usually used as standard spectrum 

to characterize the photovoltaics. The AM 0 and AM 1.5 spectra are shown in Figure 1. 9. 

 

Figure 1. 7 Illustration of AM 0, AM 1.5 and AM X. Note that at the zenith, the sun is directly overhead and θ = 0; AM 0 is 

the solar spectrum just above the atmosphere at θ = 0; AM 1.5 is the solar spectrum with an incident angle of 48.2° from the 

zenith; X = 1/cosθ. 

When sunlight reaches the Earth’s surface and strikes a solar cell, part of it will be scattered, 

reflected, and absorbed by the encapsulation materials and electrodes. Part of the remaining 

light, successfully reaching the active layer, will be absorbed by the active layer. 

The efficiency of photon absorption depends on the thickness and absorption coefficient of the 

active materials. The absorption coefficient is determined by the components of the active 

layer. For poly(3-hexylthiophene) (P3HT) with a bandgap of about 2.1 eV, its absorption can 

cover the visible spectrum up to 660 nm (Figure 1. 9). Considering the absorption coefficient of 

a layer composing of a blend of P3HT and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

to be about 10
5
 cm

-1
, ∼300 nm thick layers absorb most of the light [37], which is much thinner 

than silicon solar cells. But due to their modest charge transport properties (e.g., short exciton 

http://en.wikipedia.org/wiki/Zenith
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diffusion length ~ 4 nm to 10 nm [38]), the optimal thickness of active layer for P3HT:PCBM 

blend is between 100 nm and 200 nm [38–40]. Developing new active materials such as low 

bandgap polymers (e.g., PTB7) is currently a promising approach to improve light absorption 

efficiency in organic solar cells. 

 

Figure 1. 8 The six steps of photo-conversion process in bulk heterojunction cells 

When a photon is absorbed, it will promote an electron from the ground state S0 into higher 

lying unoccupied levels, such as S1 and Sn>1, creating a singlet exciton. The singlet excitons in 

higher levels (Sn>1) then relax back to S1 through internal conversion by phonon emission. The 

excitons in S1 can also relax to the ground S0 state either by radiative (via photon emission and 

this phenomenon is termed fluorescence) or non-radiative (such as via phonon emission) 

recombination (Figure 1. 10).  

Singlet excitons may convert to triplet excitons through intersystem crossing. Triplet excitons 

are most likely to relax to ground state through phonon emission. Triplet excitons can also 

decay to ground state radiatively but with a much longer lifetime (μs - ms) than singlet 

recombination. This triplet radiative process leads to photon emission termed 

phosphorescence. 
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Figure 1. 9 AM 0 and AM 1.5 solar spectra [41] and absorbance of P3HT 

 

Figure 1. 10 Jablonski diagram of light absorption process in conjugated polymers 

1.3.4.2. Diffusion of excitons 

As shown in Figure 1. 11, we use Förster and Dexter mechanisms to interpret the exciton 

diffusion process, respectively [40,42]. According the Förster mechanism, it involves the 

long-range electrostatic coupling between the excitation transition dipoles located at the initial 

and final sites. In the case of triplet excitons, they diffuse following a short-range exchange 

(Dexter-type) mechanism relying on the orbital overlap between adjacent sites. As a result, 

singlet excitons diffuse more rapidly than triplets. But as mentioned in Section 1.3.3, the 

lifetime of singlet excitons is on the scale of nanosecond, while triplet excitons have a rather 

longer lifetime (μs - ms). The actual diffusion efficiency of singlets and triplets to the 

Donor/Acceptor (D/A) interface depends on the actual device system [40].  
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Förster mechanism for singlet exciton (long-range electrostatic coupling ~ 30-100 Å) 

  

Dexter mechanism for triplet excitons (short-range exchange ~  6-20 Å) 

Figure 1. 11 Förster and Dexter diffusion mechnaisms for singlet and triplet excitons, respectively (Adopted from [42]) 

1.3.4.3. Dissociation of excitons 

When the excitons reach the donor/acceptor (D/A) interface, if they do not recombine, they 

may be separated at this interface by an energetic driving force originated from the difference 

in the electronic levels of the donor and acceptor materials [33,34]. An exciton is a 

quasi-particle formed by a Coulomb-bound electron-hole pair which is initially located on one 

molecule. The dissociation of excitons at the D/A interface are generally considered to involve 

two steps [40,43–45] (Figure 1. 12). First, the exciton dissociates into a charge transfer (CT) 

state (D
+
/A

-
). In this state, the hole sits in the donor molecule and electron travels to the 

acceptor molecule by hopping. The next step is that the CT exciton separates into 

charge-separated (CS) states and finally free charge carriers. The final energy of CS state, Efinal 

= ID + EA (ID is the ionization potential of donor, EA is the electron affinity of the acceptor and 

Efinal is the energy level of completely unbound hole-electron pair (Figure 1. 12)) can be 

approximately estimated from the energy difference between the LUMO of the acceptor and 

HOMO of donor [40]. That is to say, the dissociation occurs when the energy of exciton 

(energy difference of donor LUMO and donor HOMO) is larger than Efinal [45]. CT excitons 

could recombine to the ground state, termed geminate recombination. The recombination of 

CS carriers is termed non-geminate recombination [46]. 

The mechanism of CT excitons is still under debate. A new excitation mechanism of CT 

excitons was proposed recently [44,47]. According to this new mechanism an excited CT 

exciton (also named hot CT excitons, with excess energy than the CT exciton lying in the 

lowest CT state) could be directly formed by photon absorption (Figure 1. 13).  

http://zh.wikipedia.org/wiki/%C3%85
http://zh.wikipedia.org/wiki/%C3%85
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Figure 1. 12 Schematic Jablonski diagram describing the photo-induced charge-carrier formation mechanism in an organic 

solar cell: S0 is the singlet ground state of the donor or the acceptor, S1 and T1 the first singlet and triplet excited state, 

respectively; the left superior 1 and 3 denotes the singlet and triplet excitons; symbol * denotes the excited state; + and – 

represent the positive and negative charge, respectively.( Adopted from reference [40])  

 

Figure 1. 13 Charge generation process in organic solar cells. Left: indirect formation of CT exciton; right: direct formation 

of CT exciton by photon absorption (Adopted from reference [44]) 

1.3.4.4. Transport of charge carriers  

Once excitons are separated into free charge carriers, electrons will transport to cathode and 

holes to anode. Otherwise, non-geminate recombination will occur. Various recombination 

processes are involved during charge transport: (1) radiative recombination by photon 

emission; (2) non-radiative recombination by phonon emission; (3) recombination at the 

sub-bandgap trap states induced by the impurities or defects in the material 

(Shockley-Read-Hall recombination) [42].  

If charges do not recombine, they will travel in the form of polarons (Section 1.3.3) in 

conjugated organic materials. Polarons moves intra- or inter-molecular by hopping. Compared 

to the high mobility (on the scale of 10
2 

- 10
3
 cm

2
 V

-1
 s

-1
) in inorganic semiconductors, the 
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mobilities in organic semiconductors are quite low (typically, 10
-6

-10
-3

 cm
2
 V

-1
 s

-1
) [40,48]. 

This modest mobility is owing to the weak electronic couplings, large electron-vibration 

couplings and disorder packing in polymers. As a result, the polymer morphology and 

crystallinity affect the transport mobilities significantly [40,48]. If the polymer is well 

crystallized, the mobility can reach over 1 cm
2
 V

-1
 s

-1
 [40,48]. 

1.3.4.5. Extraction of charges 

Once arriving at the electrodes, polarons may be extracted into the external circuit. Metal 

conductors form two kinds of contacts with semiconductors: ohmic or Schottky contact, 

determined by the work function of the metal ΦM, work function (ΦSC) and electronic affinity 

(χSC) of the semiconductors [49]. Here, the work function ΦM is the minimum energy needed to 

remove an electron to vacuum from the Fermi level of the metal; ΦSC is the minimum energy 

needed to remove an electron to vacuum from the Fermi level of the semiconductor; the 

electronic affinity χSC is the energy required to promote an electron to the vacuum energy level 

from the bottom of the conduction band. The formation conditions of these two contacts are 

shown in Figure 1. 14.  

 

Figure 1. 14 Schematic of metal-semiconductor contacts. Note that the black dots at the metal-semiconductor interface 

represent electrons and circles represent holes; Ev is the energy level of the top of the valance band and Ec is the energy level 

of the bottom of the conduction band; Evacuum is the energy level of vacuum while EF is the Fermi level. 

In ohmic contact, there is no potential barrier for charges to travel across the contact; while for 

Schottky contact, there is a potential barrier Eb (given by Equation 1. 2) at the interface (Figure 

1. 14): 

http://zh.wikipedia.org/wiki/%CE%A6
http://zh.wikipedia.org/wiki/%CE%A6
http://zh.wikipedia.org/wiki/%CE%A6
http://zh.wikipedia.org/wiki/%CE%A6
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SCMb χΦE         Equation 1. 2 

If highly doped, the semiconductors will have a narrow space-charge region width and a 

narrow Schottky barrier Eb. When the barrier is sufficiently narrow, the electrons can tunnel 

from the metal to the semiconductor and from the semiconductor to the metal [50]. In this case, 

the Schottky contact becomes ohmic due to tunneling. 

In the organic semiconductors, the metal-semiconductor contact is complex due to factors such 

as interfacial charge-density redistributions, geometry modifications, and/or chemical 

reactions occur at the interface. These factors significantly affect the charge collection 

efficiency [40,51]. 

1.3.5. Architectures of organic solar cells 

1.3.5.1. General architecture of organic solar cells 

In general, the organic solar cells are composed of several thin layers (Figure 1. 15).  

− The substrate can be typically a thin glass or a flexible and transparent substrate such 

as Polyethylene terephthalate (PET).  

− The anode should be transparent since it locates before the active layer. Typically it is 

indium tin oxide (ITO) or fluorine doped tin oxide (FTO). ITO has bandgap of 3.7 

eV, thus most photons can travel through it. For visible light the transmittance of 

commercial ITO is higher than 80% [52]. The back electrode does not need to be 

transparent and is typically a layer of aluminum or silver or gold.  

− Generally speaking, a hole extraction layer (HEL) is inserted between the anode and 

the active layer. This layer is also thin and highly transparent. It typically has a work 

function very close to the ionization potential of the donor component in the active 

layer to facilitate hole extraction. The most common material for HEL is 

Poly(3,4-ethylenedioxythiophene):Polystyrene sulfonate (PEDOT:PSS). Similarly, 

there is an electron extraction layer (EEL) inserted between the active layer and 

cathode. Calcium and lithium fluoride are frequently used for this layer.  

− The active layer is deposited onto the HEL layer. It is the layer responsible to absorb 

photons and it is the main part of the solar cell. It normally consists of a donor 

material and an acceptor material.  

http://dict.youdao.com/w/calcium/
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Depending on the variations within the active layer, there are four common architectures which 

will be described below. 

1.3.5.2. Single layer cells 

The active layer consists of just one semiconductor material. This layer forms a Schottky 

contact with an electrode. Due to the energy band bending of the Schottky contact excitons 

generated in the active layer will be spitted into electrons and holes and transported to the 

corresponding contact electrode. The drawback in such device structure lies in the serious 

charge recombination during transport.  

1.3.5.3. Planar heterojunction cells 

This structure is typically composed of two layers: one from the donor material and the other 

from the acceptor material. The excitons are transported to the donor/acceptor interface and 

then dissociated there. Solar cells with this device structure is limited by the small D/A 

interface since only a limited portion of excitons can reach the D/A interface and dissociate 

there. 

1.3.5.4. Bulk heterojunction cells 

In this structure, the donor and acceptor materials are well mixed in solution first. They are then 

deposited onto a substrate resulting in the formation of a number of small domains allowing a 

large interfacial area (Figure 1. 8). Due to the enlarged interfacial area, more excitons can reach 

the donor/acceptor (D/A) interface in organic solar cells. The morphology of active layer 

therefore affects the charge separation significantly. We used this architecture in this thesis and 

more details will give in the following Section 1.4. 

1.3.5.5. Tandem solar cells 

Because most organic materials have a limited absorption window, tandem architecture is 

introduced to combine solar cells based on different active materials to boost photon harvest 

efficiency. In such device structure two or more organic solar cells are deposited on each other 

to form a system in series. The component cells have different absorption window and the 

combination of them can thus achieve higher photon absorption efficiency. The short circuit 

current in a tandem cell is limited by the cell which has the lower/lowest short circuit current. 
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Figure 1. 15 General architecture of organic solar cell: HEL denotes the hole extraction layer, and EEL the electron 

extraction layer. 

In addition, some new architectures for organic solar cells are currently being developed based 

on the above-mentioned four device structures. Examples of these structures include optical 

fiber based architecture and folded reflective architecture [30].  

1.4. Organic bulk heterojunction solar cells using polymers and small 

molecules 

The organic bulk heterojunction solar cells (OSCs) using PEDOT:PSS as anodic buffer layer 

are used in this thesis. Thus the PEDOT:PSS and the photoactive layer for OSCs are 

introduced in this section. 

1.4.1. Hole extraction layer: PEDOT:PSS 

The poly(3,4-ethylenedioxythiophene) (PEDOT) is an intrinsically conducting polymer built 

from 3,4-ethylenedioxythiophene (EDOT) monomers. PEDOT is insoluble in many common 

solvents and unstable in air in its neutral state. These disadvantages limit its industrial 

applications. Fortunately, these problems can be solved by incorporating oxidant sodium 

peroxodisulfate (Na2S2O8) and modifiable proportion of poly(styrene sulfonic acid) (PSS) into 

the solution and resulting in an aqueous dispersion of PEDOT:PSS. In such solution PEDOT is 

in an oxidized state (Figure 1. 16) and it shows high stability when oxidized [53,54]. PSS is 

water soluble and acts as a template polymer in the dispersion and thus forms a PEDOT-PSS 

complex. It has two functions in the complex: (1) PSS acts as a charge balancing dopant which 

supplies counter ions and thus, accompanied with sodium peroxodisulfate (Na2S2O8), keeps the 

PEDOT in an oxidized state [55]; (2) PSS can make the PEDOT segments (oligomers with 

about 6 to 18 repeating units) forming PEDOT-PSS complex and thus keep them dispersed in 
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the aqueous solution (Figure 1. 17)  [55–58]. The PEDOT to PSS ratio can affect the film 

conductivity significantly, and to some extent, the conductivity decreases with increasing PSS 

content [56].  

PEDOT:PSS is commonly used as the buffer layer of anodic electrode in OSCs [59–61]. 

Generally speaking, the work function of PEDOT:PSS (4.7-5.4 eV [62]) is normally higher 

than ITO (4-5 eV [63]) and thus leading to efficient hole extraction. In addition, the spin-coated 

PEDOT:PSS film can smoothen the rough ITO surface and reduces the chance of 

short-circuits [64,65]. The PEDOT:PSS layer located between the ITO and photoactive layer 

may also help to prevent oxygen diffusing into the photoactive layer. The migration of oxygen 

will oxidize the polymer like P3HT which is believed to be one of the device performance 

degradation mechanisms of OSCs [66,67]. 

 
Figure 1. 16 Structures of PEDOT and PSS, adopted from reference [53] 

 
Figure 1. 17 Schematic of PEDOT:PSS complex, adopted from reference [55] 

In PEDOT:PSS films, the PEDOT grains are surrounded by the excess PSS after spin-coating. 

Upon drying, a solid film will be obtained and the film is comprised of horizontal layers of 

flattened PEDOT-rich grains embedded in quasi-continuous PSS lamellas, forming a granular 

structure [56–58,68]. The average diameter of such grains is in the range of 20–80 nm [57,58]. 

The thickness of the PSS shells has been found to be about 35±5 Å [69–71]. Since PEDOT is a 

conducting component while PSS has only a weak conductivity, the PEDOT-rich core has a 

higher conductivity than the PEDOT-depleted PSS shell. Therefore, charges can transport 

more efficiently along the backbone in the grains than between them due to the charge transport 

barrier induced by the insulating PSS shell [56]. Hence in such a granular structure, the 
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electrical conductivity is controlled by the hole transport in the PEDOT oligomers, the hopping 

between PEDOT oligomers and between the PEDOT-rich gains with a PSS barrier [56,58]. 

Consequently, the conductivity of PEDOT:PSS film is rather low. For instance, pristine 

Clevios™ P – Heraeus PEDOT:PSS used in this work has the maximum conductivity of ~ 1 

S/cm [72].  

Many techniques have been applied to enhance the conductivity of PEDOT:PSS, such as 

applying post-deposition thermal annealing [73,74], adding high boiling solvents (e.g., 

glycerol or sorbitol [75–77]), modifying synthetic conditions [78,79], improving the wetting of 

ITO surface (e.g., silanes [80]), adding polar solvent (e.g., dimethylsulfoxide [81]), and 

varying the PEDOT to PSS ratio [80,82]. In this thesis we mainly apply the thermal annealing 

and high boiling additives to improve the conductivity of PEDOT:PSS films.  

In addition, the thickness of PEDOT:PSS used in OSCs is typically in the scale of several tens 

of nanometers [45,83–85]. A PEDOT:PSS layer thicker than such thickness will reduce the 

transmission significantly [72] despite a decreased sheet resistance decreases [86].  

1.4.2. Bulk heterojunction  

As mentioned in Section 1.3.1, various organic polymers and small molecules have been 

investigated for their application in organic solar cells. In particular, the conjugated polymer 

poly(3-hexylthiophene-2,5-diyl) (P3HT) and the small molecule derivatives of fullerene, 

[6,6]-Phenyl C61 butyric acid methyl ester (PCBM), form one of the most popular organic 

solar cell active layer components. Here, P3HT is used as a donor material while the PCBM are 

as the acceptor materials. During the device fabrication process, P3HT and PCBM are 

dissolved in an organic solvent, such as chlorobenzene and di-chlorobenzene. They blend of 

them is deposited as the active layer with a controlled morphology, in order to reach the highest 

device performance. 

1.4.2.1. Donor material: P3HT 

The polythiophene is a conjugated polymer made of thiophene monomers. P3HT is one 

derivative of polythiophene and it has hexyl groups attached at the position No. 3 of 

polythiophene (Figure 1. 18).  
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Figure 1. 18 Chemical structures of poly(3-hexylthiophene-2,5-diyl) 

1.4.2.1.1. Regioregularity 

When polymerizing 3-hexylthiophene monomers to synthesize P3HT, there are three possible 

asymmetric couplings, they are (Figure 1. 19):  

1) 2, 5', or head-tail (HT) coupling. 

2) 2, 2', or head-head (HH) coupling. 

3) 5, 5', or tail-tail (TT) coupling. 

As a result, the term regioregularity is used to describing repetition degree of couplings in a 

polymer. For example, 98% head-tail regioregular P3HT means that the ratio between the 

number of HT coupling and the sum of all these three types of couplings is 98%.  

It is reported that regiorandom P3HT has low charge mobility due to the random sequence of 

HT, HH and TT building blocks and the resultant poor intermolecular orbital overlap [87–89]. 

Highly regioregular P3HT has a highly planar conformation [90] which favors a close 

intermolecular π-stacking in lamella fashion (Figure 1. 20) [89,91–94] and improves the 

charge mobility. It has been reported that, with a lamella packing, the mobility of P3HT can 

reach as high as 0.1 cm
2
 V

-1
 s

-1
 [91,95,96].  

     

 

Figure 1. 19 Possible couplings of two 3-hexylthiophene monomers for P3HT 
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Figure 1. 20 Intermolecular interactions of side-chains of lamellar structures of regioregular P3HT: a and b are the lattice 

constants and a-axis is perpendicular to substrate while b-axis parallel to substrate (Reprinted from reference [93]) 

1.4.2.1.2. Molecular weight 

The molecular weight of P3HT also plays an important role in the morphology of the active 

layer. Molecules with long chains do not tend to form highly packed stacking while shorter 

chains are much easier to self-assemble into crystalline fibrous domains [96]. However, the 

mobility of relatively high molecular weight molecules is higher than expected; conversely the 

film made of low molecular weight molecules has a low mobility. This is due to the existence 

of abundant grain boundaries formed between crystalline fibers assembled by short chains. 

Such boundaries form more transport barriers and charge traps which are disadvantageous for 

charge transport (Figure 1. 21 (a) and (c)). While the gain boundaries of polymer films with a 

larger molecular weight are typically smoother with domains tightly connected to each other. 

This explains why in some case charge transport can be facilitated throughout a larger area 

despite an overall lower crystallinity (Figure 1. 21 (b) and (d)) [96,97]. 
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Figure 1. 21 AFM images of (a) crystalline rod-like morphology of low Mn P3HT (3.2 kDa) and (b) nodule structure for 

high Mn P3HT film (31 kDa). (c) schematic of badly connected rod-like crystalline for low Mn P3HT and (d) increased 

networking between crystalline domains for high Mn P3HT film (reprinted from [96] with permission of The Royal Society 

of Chemistry) 

In summary, regioregular P3HT with appropriate molecular weight represent a good donor 

material choice for organic solar cells due to the following properties: 

 A good solubility in organic solvents such as chlorobenzene and di-chlorobenzene; 

 An adequate bandgap (~ 2.1 eV) and a high absorption coefficient(10
5
 cm

-1
) allowing a 

relatively good match with the solar spectrum and efficient absorption within a thin 

film; 

 The ability to form close intermolecular π-stacking by interactions of side-chains; 

 A relatively high hole mobility (10
-3

 to 10
-1

 cm
2
 V

-1
 s

-1
) tunable from their 

morphologies.  

1.4.2.2. Acceptor material: PCBM 

The PCBM is a type of fullerene (C60) derivatives. It has a high election affinity and thus 

commonly used as an acceptor material in organic solar cells. C60 is a rather insoluble 

material [3] but it can become soluble after chemical modifications. For example, its derivative 

[6,6]-Phenyl C61 butyric acid methyl ester (PC60BM) (Figure 1. 22) has a high solubility in 
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chlorobenzene and dichlorobenzene. There are also other types of PCBMs, e.g., PC70BM and 

PC84BM (Figure 1. 22). PC70BM and PC84BM have enhanced optical absorption abilities than 

PC60BM. Such enhanced absorption can possibly improve the photovoltaic efficiency in 

organic solar cells [98]. 

The following properties of PCBMs enable them to be an ideal acceptor material to be 

combined with P3HT: 

− Sufficient solubility in common organic solvents; 

− Ultrafast electron transfer, on the scale of several hundred femto-seconds or less, has 

been identified from P3HT to PCBM with an efficiency approaching 100% [99,100]; 

− An adequate dielectric constant (~ 4.4); 

− Good electron mobility (> 10
-3

 cm
2
 V

-1
 s

-1
); 

− Isotropic electron accepting ability owing to the symmetry of fullerene; 

− A LUMO level of about 3.7 ~ 4.4 eV and a HOMO level of about 6.1 eV, allowing the 

formation of a type-II heterojunction interface with P3HT. 

1.4.2.3. P3HT:PCBM film 

In the bulk heterojunction solar cells (Figure 1. 8), the donor and acceptor materials are mixed 

in solution and deposited on a substrate to form a thin film with many micro-domains. The 

properties of this active layer affect the device performance significantly. As mentioned above, 

well-controlled morphology of the active layer enhances both the charge mobility and exciton 

dissociation. In practice, the active layer morphology of active layer depends on the material 

molecular weight [96,97,101], regioregularity [87–89,101], the weight ratio between P3HT 

and PCBM [101–104], the solution concentration [101], the types of (co-) 

solvents used [59,101,104,105], the properties of side chains [23,24], additives [104,106], film 

deposition method and process [101,107], and post-deposition annealing processes involving 

solvent vapor [104,108] and thermal annealing [104,109,110], etc. The optimization of these 

factors will enhance the charge separation and transport properties and thus improving the 

device performance. 

Besides the morphology, thickness is also an important parameter. Due to the modest transport 

mobility in polymer materials, the charge carrier diffusion length is typically no more than 100 

~ 200 nm. The correlation between the P3HT:PCBM thickness and the device efficiency is 

shown in Figure 1. 23. There are two peak values appear when the thickness of the active layer 
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is around 100 nm and 200 nm, corresponding to optical interference effects in the thin-film 

stack. These two thicknesses have been confirmed by simulation and experiments [111,112].  

 

Figure 1. 22 Structures of fullerene derivatives, from left to right: PC60BM, PC70BM and PC84BM [98,113] 

 

Figure 1. 23 P3HT:PCBM thickness-dependent power conversion efficiency [111,112] 

1.4.3. Photovoltaic Characteristics of organic solar cells 

1.4.3.1. Current-voltage response and efficiency  

The common way to study the performance of a solar cell is to measure the current-voltage 

response (J-V curve) in the dark and under illumination (Figure 1. 24) (The measurement 

method will be introduced in Chapter II).  

Solar cells behave as simple diodes in the dark. Under reverse bias, the dark current is very 

small and hardly measureable. Under forward bias the dark current increases rapidly following 

the Shockley equation if the diode is ideal. Under illumination, photocurrent is generated and 

its sum with the dark current leads to the J-V curve shifting down at all potential by the 

magnitude of short circuit current Jsc.  
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Figure 1. 24 Current versus applied voltage of a solar cell: the red curve is obtained for measurement in the dark and the 

black curve is the result of measurement under illumination 

As shown in Figure 1. 24, in the first quadrant where V > 0 and J > 0, the devices acts as a light 

emitting diode since the injected current is more than photogenerated current; in the third 

quadrant, the device works as a photodiode; only in the fourth quadrant, the device acts as a 

photovoltaic device. The power conversion efficiency (PCE) of a solar cell is defined by 

Equation 1. 3: 

i

ocsc

P

FFVJ
PCE          Equation 1. 3 

Where  

− Jsc is short circuit current density (the current density in the circuit when the applied 

bias is zero), in the unit of mA/cm
2
; 

− Voc is open circuit voltage (the applied bias when the current is zero in the circuit), in 

the unit of V; 

− Pi is the incident light power, in the unit of W/m
2
; 

− FF is the fill factor (defined below in Equation 1. 4, unitless). 

All these parameters are extracted under AM 1.5 simulated illumination (Figure 1. 9). FF is 

defined as the ratio between Pmax and product of Jsc and Voc (Equation 1. 4): 

 

ocscocsc VJ

VJ

VJ

P
FF







 maxmax

       Equation 1. 4 

where Pmax is maximum power that could be extracted from the solar cell, its value equals to the 

maximum product of current density and applied bias voltage of the solar cell (Figure 1. 9).  
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We often use another parameter, quantum efficiency, to estimate the spectral responsivity of a 

solar cell. There are external and internal quantum efficiencies.  

The external quantum efficiency (EQE) is the ratio of the charge carriers (Ne(λ)) collected by 

the solar cell to the flux of photons (Nph(λ)) of a given energy incident on the solar cell from 

outside. It can be calculated according to the following equation: 

 
 
 



ph

e

N

N
EQE          Equation 1. 5 

The internal quantum efficiency (IQE) is defined by the ratio of the charge carriers collected by 

the solar cell to the number of photons of a given energy aborbed by the cell. 

The EQE and IQE has the following relationship:  

      AIQEEQE         Equation 1. 6 

where ηA is the light absorption efficiency defined by the ratio of the number of incident 

photons that are absorbed to the number of incident photons. The IQE can be used to evaluate 

the intrinsic quality of the device after absorption.  

1.4.3.2. Performance-limiting factors  

There are a number of factors significantly affecting the final performance of BHJ OSCs 

through influencing the Jsc, Voc and FF. 

1.4.3.2.1. Short circuit current 

First, under the standard condition (AM 1.5 spectrum and 25°C), Jsc is related to the photon 

absorption, the charge mobility, and the charge separation capability of organic 

semiconductors, as well as the morphology of the active layer [114]:  

1) For photon absorption, it depends on the bandgap of the absorbing material. Theoretical 

simulation results show that, the ideal bandgap to obtain the highest photon absorption 

efficiency is around 1.3 eV [33]. For P3HT, its bandgap is approxiamtely 2.1 eV, leading 

to an absorption cutoff wavelength at around 660 nm (Figure 1. 9) and a capability of 

absorbing about 22% of the available solar photons.  

2) For the charge mobility, it mainly depends on the intrinsic properties of the semiconductor 

and the molecular packing, while the molecular packing is related to the material 

regioregularity and the molecular weight, as well as the morphology (intermolecular 

http://en.wikipedia.org/w/index.php?title=External_quantum_efficiency&redirect=no
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
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π-stacking and connectivity of domains) of the active layer (Section 1.4.2). In addition, the 

mobility could be modified by altering the fullerene content in the blend [114]. 

3) The charge separation is affected by the LUMO levels offset of donor and acceptor, and 

similarly, the morphology of the active layer since the small domains create a large D/A 

interface area, and also enable to improve the possibility of excitons transport to the D/A 

interface.  

1.4.3.2.2. Open circuit voltage 

Second, regarding Voc, due to the simplest Metal-Insulator-Metal (MIM) model, it is 

determined by the difference in the work functions of the two metal electrodes [115]. It has 

been reported that for many organic solar cells, the Voc can be increased by utilizing electrodes 

with higher difference in work function [116]. For example, Frohne et al. [59] reported that, 

the electrochemical potential of the PEDOT:PSS (HEL), which is varied by altering doping 

level, can influence the Voc. Moreover, the work function of ITO can be effectively improved 

by oxygen plasma treatment due to surface carbon removal, Fermi level shift, creation of 

surface dipoles and change in ratio of surface constituents (Sn, In, O), as well as decrease in 

series resistance and change of the ITO surface roughness [117,118].  

In practice, in OSCs, the Voc is also affected by many other paramters, such as dark current, 

Fermi level pinning and chemical potential gradients [119]. For example, the Voc obtained from 

the solar cell using gold as cathode is higher than expected, which can not be explained by 

MIM model but Fermi level pinning [120]. Many reports have been demonstrated that the Voc 

has a correlation with the acceptor strength of the fullerenes, while it is not sensitive to the 

variations of workfunction of cathode material. They assign this phenomenon to the Fermi 

level pinning which pins the cathode to the LUMO of acceptor in conjugated polymer fullerene 

solar cells [114,120–122]. The fermi level pinning is owning to surface states of the fullerenes 

at the fullerene/metal contact and/or formation of strong dipoles owning to partial charge 

transfer between the cathode and fullerene [121,123]. In addition, the fullerene content can 

also affect the Voc. This was explained by the varying coverage area of cathode by fullerene 

which is related to the concentration of fullerene in the active blend [102]. 

Reseaschers have also investigated the correlation of the energy levels of the donor–acceptor 

blend and the Voc and given a statistical formula for conjugated polymer-PCBM solar cells as 

follows [33,120,124,125]:  
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Where e is the elementary charge, C is the empirical voltage loss in BHJ conjugated 

polymer-PCBM solar cells. The typical value of C is 0.3 and normally in the range of 0.225 - 

0.435 V [125]. The difference between the Voc and VBI (HOMO of donor minus LUMO of the 

acceptor) can be minimized by optimizing materials, the active-layer thickness, and the 

charge-carrier mobility [33]. Moreover, the charge carrier recombination also affects the Voc of 

BHJ OSCs [126]. 

1.4.3.2.3. Fill factor 

The FF depends on the transport, recombination and as well as 

resistance [114,116,119,127–129]. The series resistance (Rs) and shunt resistance (Rsh) 

dramtically affect the FF through altering Jsc and Voc. The Rs and Rsh can be simply derived by 

taking the inverse slopes from the J-V curve obtained under illumination [130,131]: 
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In priciple, and the Rs is related to mobilities of the layers involved in charge transport and also 

affected by the thickness of transport layers, as thicker layers have lower conductivities. Thus, 

the Rs is sensitive to the morphology, thickness and intrinsic resistance of semiconductor blend 

layer, and the quality of semiconductor/electrode interfaces. While Rsh is related to the charge 

recombination caused by impurities and defects in the active organic semiconductor 

layer [116,119]. Typically, Rsh (> 10
3
 Ω) is much lager than Rs (on the scale of 10

0
 ~ 10

1
Ω) in 

OSCs. 

The effects of Rs and Rsh on the parameters of a solar cell are shown in Figure 1. 25. As shown 

in the figure, high Rs can diminish the Jsc, whereas low Rsh decreases Voc, both leading to a 

decrease in FF [132]. 

http://zh.wikipedia.org/wiki/%CE%A9
http://zh.wikipedia.org/wiki/%CE%A9
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Figure 1. 25 Effects of Rs and Rsh on fill factor, Jsc and Voc [116]. 

Moreover, FF can be affected by the balance between the hole and electron mobility [129]. If 

the mobilities are not balanced, the slower charge carrier will accumulate near one of the 

electrode resulting in a built-up internal field, consequently space charge effects, leading to a 

reduction in FF [129].  

The quality of polymer-cathode interfaces also affects the FF. Gupta et al. [129] reported that a 

partial metal coverage or a chemically modified cathode could decrease the FF significantly. In 

addition, they demonstrated that a fine-deposited metallic cathode closely packed to the active 

polymer layer could improve the FF; while a thin layer of aluminum oxide can introduce a 

charge transport barrier since it can facilitate electron injection from cathode owning to holes 

accumulation at the Al2O3–polymer interface. 

In summary, the device performance of OSC is predominantly affected by the choice of the 

photo-absorbing materials, the thickness and morphology of active layer, electrode materials 

and the quality of their contact with polymer.  

1.5. Plasmonic organic solar cells  

Many strategies have been applied in organic solar cells to boost their efficiencies. Developing 

new materials with a bandgap approaching to the optimum 1.3 eV [33] is a promising solution. 

For example, PTB7 has a bandgap of 1.8 eV and this make it more attractive photovoltaic 

component than P3HT (bandgap ~2.1 eV). Controlling the morphology of the blend represents 

another approach which can remarkably enhance the solar cell performance. Some photonic 

methods to enhance the light absorption in the active layer are proposed through an 

optimization of the electromagnetic field distribution in solar cells [30]. These methods 

involve the use of either photonic crystals [133], quantum dots [134] or plasmonic 

structures [135,136]. There are also some other new architectures developed such as the optical 
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fiber based architecture and folded reflective architecture [30]. In this thesis, we focus on the 

plasmonic solar cells built from nanostructures.  

Nanoparticles based on noble metals display collective electron oscillations on theirs surfaces, 

termed localized surface plasmon resonance (LSPR). This resonance creates opportunities for 

designing and controlling the propagation of light in matter. Human has taken advantage of 

plasmonic effects since a long time ago. For example, the Roman Lycurgus Cup (4th century 

AD, now at the British Museum, London) and the gothic stained glass rose window of 

Notre-Dame de Paris show unique features of changing color or multiple colors due the 

plasmonic effects induced by the gold or silver nanoparticles.  

In modern time, noble metal nanoparticles have found a lot of experimental and industrial 

applications in many fields, such as chemical and biological sensing [137], optical switching 

and limiting devices [138], organic light emitting diodes [139], and solar cells [140,141]. 

In this section, the bulk plasmons, surface plasmons, LSPR and the application of LSPR in 

solar cells are introduced.  

1.5.1. Plasmons 

In physics, a plasmon is a quantum of plasma oscillation arisen from the free electron "gas" in 

conducting material. Similar to polarons in organic semiconductors, the combination of 

plasmon and the lattice distortion creates a new quasiparticle termed a plasmon 

polariton [142].  

In general, there are three types of plasmons, bulk plasmon (located in a bulk conducting 

material), surface plasmon (located at planar metal-dielectric interfaces) and localized surface 

plasmon (highly confined on a small surface, e.g., on the surface of a nanoparticle).  

1.5.1.1. Bulk plasmons 

In an infinite solid (e.g., metal), the bulk plasmons are longitudinal waves [143]. Due to the fact 

that light waves are transverse, the wave vector mismatch makes the bulk plasmons incapable 

to be excited from direct irradiation. However, the bulk plasmons can rise from other 

perturbation of free electrons, e.g., the optical emission from irradiated metallic foils [144]. 

According the Drude model, the frequency of a bulk plasmon ωp in a metal is given by 

Equation 1. 9 [145]: 

http://en.wikipedia.org/wiki/Light
http://dict.youdao.com/search?q=transverse&keyfrom=E2Ctranslation
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         Equation 1. 9 

Where n is the conduction electron density, e is the elementary charge, m
*
 is the effective mass 

of an electron and ε0 is the vacuum permittivity.  

Hence, if the frequency of an incident electromagnetic wave is higher than bulk plasmon 

frequency, the metal becomes transparent for this wave. On the other hand the light with lower 

frequencies will be reflected [146]. The bulk plasmon frequencies of most metals are in the 

ultraviolet region, associating energies within 5-15 eV, thus enables most metals highly 

reflective for visible light. But for some metals, e.g., noble metals (copper, silver and gold), 

they have filled d-shells: Copper has the electronic configuration 3d
10

4s
1
, and Silver 4d

10
5s

1
 

and Gold 4f
14

5d
10

6s
1
. According to the Drude-Lorentz-Sommerfeld model [147], these 

d-electron bands have lower energies than the Fermi level of the conduction band and thus 

allowing new narrow transitions (see Table 1. 1 and Figure 1. 26) close to or in visible 

region [148].  

 

Figure 1. 26 Schematic band diagram for the noble metals [148]: inter-band transition between d-band and conduction band; 

intra-band transition within conduction band) 

Metal Ag Au Cu Al 

Energy (eV) 3.9 2.4 2.1 1.5 

Wavelength (nm) 318 521 590 827 

Table 1. 1 Interband transition regions for Ag, Au, Cu and Al (adopted from [147,149]) 

1.5.1.2. Surface plasmons on planar metal-dielectric interfaces 

Surface plasmons are plasmons at the metal-dielectric interfaces and tightly bound to the 

interfaces (Figure 1. 27). Since their wave-vector is larger than light waves, the surface 
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plasmon cannot be directly excited by illumination. Instead, the surface plasmon wave can be 

generated under special geometries, e.g., Kretschmann-Raether coupler [150], Otto 

configuration [150,151] and gratings [152], where the dielectric constants of metal and the 

surrounding dielectric material have the same value but opposite signs. The surface plasmon 

thus has a frequency related to the bulk plasmon frequency ωp, given by Equation 1. 10: 

11 







p

SP
       Equation 1. 10 

Where ωsp is the surface plasmon frequency, ε1 is the permittivity of the dielectric material 

coupled to the metal material. 

The surface plasmon propagates along the dielectric/metal interface and it has a highly 

concentrated electric field near the interface (z = 0). This electric field exponentially decays 

away from the surface. The decay rate is much higher in metal than in dielectric. Besides, the 

surface plasmons are always accompanied with a transverse magnetic (TM) field. 

 

Figure 1. 27 Schematic of charge distribution and electromagnetic field of surface plasmons 

1.5.1.3. Localized surface plasmons in metallic nanoparticles 

Localized surface plasmons (LSPs) excited in metallic nanoparticles are non-propagating 

plasmon excitations. Due to the tiny sizes of nanoparticles, they show unique optical and 

electrical properties.  

A simple model of LSPs is shown in Figure 1. 28. Since the size of a metallic nanoparticle is on 

the same scale of the penetration depth of electromagnetic waves in metals (e.g., 20 ~ 30 nm for 

Ag and gold [153]), the external field can penetrate the whole particles and shift the conduction 

elections with respect to the rigid ion lattice. Thus the charges are separated and this charge 

separation results in a restoring force and then an oscillation. Take the spherical metallic 

nanoparticle for granted, the polarizability α of a metal particle surrounded by the dielectric 

material is given by Equation 1. 11 [153,154]: 
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 V   (Clausius−Mossotti relation)  Equation 1. 11 

Where ε1 is the permittivity of the dielectric and ε2 is the dielectric function of the metal, ε0 is 

the vacuum permittivity, and V is the particle volume. When ε2 = -2ε1, the polarizability 

becomes very large suggesting a localized surface plasmon. The oscillation frequency is given 

by Equation 1. 12 according the Mie theory [154]: 
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       Equation 1. 12 

Then the scattering cross-section σscat and the absorption cross-section σabs of a spherical 

metallic nanoparticle are given by   Equation 1. 13 and Equation 1. 14 [154]: 
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     Equation 1. 14 

Where k = 2π/λ, r is the diameter of the nanoparticle and Im denotes the imaginary part. 

It is important to note that, for very small nanoparticles (r << λ), the scattering cross-section 

decreases rapidly (due to the  r
6
 relationship), while the absorption decreases less rapidly (due 

to  r
3
 relation). Hence large particles dramatically scatter light whereas the small particles 

absorb light significantly, resulting in the various colors of nanoparticles. 

 

Figure 1. 28 Localized surface plasmons in a metallic nanoparticle 

As we can see, the oscillation frequency is mainly related to effective electron mass, charge 

density and geometry of the particle, as well as the properties of the surrounding medium. The 

amplitude of the induced electromagnetic field is much stronger than exciting fields (over 10 

times) and the magnitude of the resonance is only related to the radiative and non-radiative 

http://en.wikipedia.org/wiki/Lambda#Lower-case_letter_.CE.BB
http://en.wikipedia.org/wiki/Lambda
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damping involved. As a result, the properties of localized surface plasmons in noble metallic 

nanoparticles can be tuned by the composition, size, shape and their environment [155–160].  

1.5.1.3.1. Nanoparticle composition 

As seen in Equation 1. 9, the bulk plasmon frequency is related to the density and effective 

mass of electrons in the metal. As a result, the bulk plasmon frequency is significantly affected 

by the composition of the nanoparticles.  

For noble metals, it is more complicated due to the inter-band transition between d-band and 

conduction band and the intra-band transition within conduction band. The bulk plasmon 

frequency of noble metals is given by Equation 1. 15:  

 10
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m

ne
sp        Equation 1. 15 

Where ε∞ is the additional part of dielectric function and it depends on the metal d-electrons 

(e.g., response of 5d electrons for gold) [161,162]. Here, the real part of the permittivity 

determines the frequency while the imaginary part is related to the damping processes. 

In general, the composition of the nanoparticles is one of the key factors determining the 

properties of plasmons. 

1.5.1.3.2. Nanoparticle size 

The size of nanoparticles is another important factor affecting the plasmon properties. For 

example, according to   Equation 1. 13 and Equation 1. 14, the absorption and scattering 

cross-sections of nanoparticles increase with increasing particle size. Another size-induced 

effect (the size should be large enough to make the electric field retarded across the particle 

surface) is the high-order plasmons, which have higher oscillation frequencies than the first 

order plasmons. This leads to the broadening of plasmon resonance due to a reduction in phase 

coherence [162,163]. 

With the increasing nanoparticle size, the radiation damping (which inverts the plasmons into 

photons [153,164] and leads to scattering) will increase and it is proportional to the particle 

volume [164,165]. As a result, the increasing damping leads to a redshift of plasmonic 

resonance and a shortening of the dephasing time T2 (and a broadening of linewidth since 

homogeneous linewidth Γ= 2ћ/T2 [164]) [147,162,164,165]. The increasing radiation damping 

also results in a decrease of magnitude of plasmonic resonance [166,167]. In addition, as the 
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size increases (> 10 nm for gold [147]), the increased electromagnetic retardation from 

dynamic depolarization can also lead to a redshift of plasmon resonance [147,162–164,166]. 

For very small nanoparticles (< 2-3 nm), quantum size effects become important, and the 

treatments used above are no longer valid [162]. 

1.5.1.3.3. Nanoparticle shape 

Essentially, the plasmons are dipoles or high order resonance modes arisen from collective free 

electron (conduction electron cloud) oscillations within the rigid positive metallic lattice. This 

charge separation forms a restoring force in response to the incoming light polarization. 

Compared to a sphere, in nanoparticles with sharper surface curvatures along the light 

polarization direction there is weaker restoring force leading to a lower plasmon resonance 

frequency (redshift) [162]. The polarizability α of a nanoparticle of arbitrary shapes is given by 

Equation 1. 16 [154,162]: 
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       Equation 1. 16 

Where L is the depolarization factor which depends on the shape. For nanospheres, L is 1/3. 

Haes et al. [168] demonstrated by simulations that Ag nanoparticles with different shapes but 

the same volume have significant different optical properties (Figure 1. 29). The main in-plane 

plasmonic resonance position is red-shifted when the number of sharp tip or edges are 

increased or when the shape is altered. This is consistent with the reference [162], which found 

that Ag nanoparticles of sharper shapes have lower resonance frequencies. This is also 

demonstrated by simulation of tip-truncated (or snipped) triangular nanoparticles [169]: The 

resonant position is blue-shifted by the introduction of tip truncations (Figure 1. 30). This 

simulation prediction is confirmed by the experimental results of Zhang et al. [170]: blue-shift 

occurred when an oxidation process rounded the tips of Ag nano-triangles. 

Similar simulation results [171] further show that the increase of edge length or the decrease of 

thickness leads to a redshift in the main in-plane resonance while the quadrupole plasmon 

modes are not sensitive to tip-snipping. The different sensitivities to tip shape change is due to 

that: the main in-plane dipole has strong localization of electric field around the triangle tips 

and thus is sensitive to change in the shape of the tips, while the in-plane quadrupole has 
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localization of electric field at the sides of the triangle and thus is not sensitive to the shape 

variation of the tips (Figure 1. 31). 

 

Figure 1. 29 Finite-difference time-domain (FDTD) extinction simulations of Ag nanoparticles with identical volume, taken 

to be that of a sphere with a radius of 50 nm (reprinted from  [168], Materials Research Society, MRS Bulletin) 

 

Figure 1. 30 DDA extinction simulations of tip truncated triangular prisms. Inset: the shape of a snipped prism. The prism 

thickness is 16 nm. ( reprinted from  [169], American chemistry society, the Journal of Physical Chemistry B). 

Nanorods, representing the simplest example of anisotropic nanoparticles, have two distinct 

transverse and longitudinal localized surface plasmons. Generally speaking, the long-axis 

resonance takes the dominant place in the optical response of nanorods. It red-shifts linearly as 

the aspect-ratio (ratio of length to diameter) increases from 1 to 5 for a constant nanocrystal 

volume [160,172]. This is due to that the increasing aspect-ratio leads to a reduction of the 

storing force for longitudinal resonance and thus lowers its frequency. On the other hand, the 

short-axis resonance is only weakly affected by the particle aspect-ratio [172]. Results from 

http://en.wikipedia.org/wiki/Finite-difference_time-domain_method
http://www.mrs.org/bulletin/
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theoretical and experimental measurements have confirmed this relationship [156]. Moreover, 

the end-cap of nanorods has an effect on the longitudinal resonance position as well: The 

resonance peak red-shifts when the end-cap is approaching a flat surface [160,173]. 

 

Figure 1. 31 Simulations of electric-field enhancement contours external to the Ag triangular prism, left is in-plane main 

dipole and the right is in-plane quadrupole (reprinted from [169], American chemistry society, the Journal of Physical 

Chemistry B) 

Moreover, the nanoscale surface roughness could also affect the plasmon resonance peak 

position. It has been reported that the increased surface roughness of Au nanoshells could result 

in a red-shift in the resonant position [174]. 

Finally, as mentioned in the previous section, the radiation damping in nanoparticles is 

proportional to the volume the particle [164,165]; for a given resonance energy, nanoparticles 

with different shapes have different particle volumes (e.g., volume Vrod < Vsphere) [164]. 

Therefore, the radiation damping is significantly affected by the shapes of nanoparticles.  

1.5.1.3.4. Environmental medium 

As seen in Equation 1. 12 and Equation 1. 15, the increase in the dielectric constant of 

surrounding medium will lead to a decrease in the plasmonic frequency. This is because the 

polarization of the embedding medium (with high dielectric constant) will lower the restoring 

force of the plasmon by the shielding of the surface charges and thus lower the plasmon 

frequency [162]. As it is proportional to the dielectric constant (n = (ε/ε0)
1/2

), the refractive 

index has the same effect on the optical properties of plasmons: mediums with high refractive 

indexes lead to a red-shift in the plasmonic resonance. This has been demonstrated by 

experimental results [135] and simulations [160,169]. As a result, the plasmon resonance 

frequency can be modulated by varying the refractive index of the surrounding medium 
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through altering the solvents or substrates [135,169,175]. Another effect of the refractive index 

on the optical properties of plasmons is that light is preferentially scattered by plasmons into 

the high-index substrate [135,136]. 

Defects, surface ligands and adsorbates can also influence the optical properties of nanoparticle 

plasmonic resonance through damping due to a perturbation of the conduction electron 

density [176–179]. 

1.5.1.3.5. Inter-particle coupling  

Besides the composition, size, shape and environmental medium, the interparticle couplings 

can also affect the optical properties of plasmonic resonance. 

There are two kinds of couplings: near field coupling and far field coupling. Near field 

coupling occurs when the interparticle spacing is smaller or comparable to the particle size. Far 

field coupling is generated from nanoparticle arrays with periodic structures at larger spacing. 

For near field coupling, results shows that near field interparticle coupling results in a red-shift 

of plasmonic resonance compared to an isolated nanoparticle. With decreasing spacing, the 

plasmonic peak red-shifts further to longer wavelength ranges. Within the gap between two 

nanoparticles, the electric field is dramatically enhanced [180,181]. 

For periodically arranged nanoparticles, the interaction between the scattered photons 

(scattered by the periodical nanoparticles) results in a change in the plasmonic resonance 

spectrum. The grating period and the incident light polarization both play important roles to 

modulate the optical properties of nanoparticles. Results [182] show that with incident light 

polarization direction parallel to the long nanoparticle pair axis, decreasing the interparticle 

spacing will lead to stronger red-shift of the plasmonic resonance. If the incident light 

polarization direction is orthogonal to the long nanoparticle pair axis, a stronger blue-shift will 

be obtained with decreasing interparticle distance (Figure 1. 32). 
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Figure 1. 32 Extinction spectra of a 2D array of the Au nanoparticle pairs with the interparticle center-to-center spacing as 

the parameter [182] 

1.5.2. Organic solar cells utilizing localized surface plasmons 

Localized surface plasmons have a wide range of application in many fields owing to their 

scattering and absorption characteristics. For example, light-scattering imaging [183], 

refractive index sensing [184], surface enhanced Raman scattering spectroscopy [185] and 

laser nanostructuring [186]. In this these, we focus on the application of localize surface 

plasmons in OSCs. 

1.5.2.1. Mechanisms of light absorption enhanced by localized surface plasmons 

In recent years solar cells utilizing localized surface plasmons have attracted many 

attentions [39,187,188]. In general, there are two common ways to take advantage of the 

localized surface plasmons to enhance the light absorption in plasmonic solar cells in order to 

enhance their efficiency: light scattering and light concentration (Figure 1. 33) [136].  

1.5.2.1.1. Light concentration  

For the metallic nanoparticles of diameters much smaller than the incident light wavelength (5 

– 20 nm), the absorption of nanoparticles is dominant compared to scattering. If a 

semiconductor is close enough to couple with the near field of a metallic nanoparticle which is 

enhanced by localized surface plasmons, the effective absorption cross-section of the 

semiconductor will increase [136,188,189]. Due to this phenomenon, in such situation more 

excitons can be generated without modifying the illumination nor the active semiconductor 

layer of the solar cells [189].  

This effect suggests that the incorporation of the metallic nanoparticles inside the active layer 

can be a tool to improve the light absorption and the solar cell efficiency. While it is important 

to note that the recombination of charge carriers at the metal/semiconductor interface can be a 

negative issue and the ohmic damping can convert the absorbed energy into heat [136]. 
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Figure 1. 33 Different light trapping mechanisms: light scattering from large diameter (>50 nm) metal NPs into high angles 

within the photoactive layer, causing elongated optical path lengths; light concentration induced by localized surface 

plasmon resonance from small diameter (5–20 nm) metal particles. 

1.5.2.1.2. Light scattering  

For nanoparticles with a relatively large diameter (> 50 nm), the light scattering is dominant 

compared to absorption. Due to the localized surface plasmon resonance, the scattering 

cross-section of a nanoparticle is much larger than its geometric cross-section [154]. A 

100-nm-diameter Ag nanoparticle has an albedo (reflection coefficient, the ratio of reflected 

radiation from the surface to incident radiation upon it) over 0.9 [135].  

In addition, light is preferentially scattered by plasmons into adjacent high-index 

layers [135,136], e.g., organic semiconductors. The scattered light has an angular spread in 

organic semiconductors [135] and thus the effective optical path is elongated by scattering or 

reemitting in different directions within the device (and resulting an over 10-fold increase) 

(Figure 1. 33) [136,188,190]. The absorption then can be improved by the increase of the 

effective optical path.  

1.5.2.2. Plasmonic organic solar cells 

Depending on the position of nanoparticles in the solar cells, plasmonic solar cells have three 

major device configurations: nanoparticles inserted in the photoactive layer, in the buffer layer 

and between these layers (Figure 1. 34) [190]. 
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Figure 1. 34 Schematic of different configurations of OSCs incorporated with nanoparticles (NPs) at different position. (a) 

NPs in photoactive layer, (b) NPs in hole transport layer (HTL), (c) NPs at ITO/HTL interface and (d) NPs at 

HTL/photoactive layer interface. 

1.5.2.2.1. Nanoparticles in the photoactive layer 

This type of architecture takes advantage of both light scattering and concentration. By tuning 

the nanoparticle material composition, shape and size, organic solar cells with enhanced 

performance can be obtained. However, because of the surfactants or ligand coatings of 

nanoparticles, excitons may be quenched at the nanoparticle/photoactive layer interface, 

leading to a decrease in device performance [190–192]. It is also reported that the 

incorporation of nanoparticles (e.g., Ag nanoparticles) can increase the charge mobility due to 

the higher conductivity of metallic materials, although a decreased device performance has 

been found owing carrier recombination [193]. By comparison, an insulating inorganic layer 

over the nanoparticle can be used to prevent surface recombination. But this will dramatically 

decrease the absorption enhancement depending on the thickness of the insulating layer [194]. 

Spyropoulos et al [189] investigated the case of surfactant-free Au nanoparticles embedded in 

the active layer. With incorporating 6% gold nanoparticle inside the active layer, an increase of 

efficiency by a factor of 1.34 has been achieved in P3HT:PCBM bulk heterojunction solar 

cells.  

1.5.2.2.2. Nanoparticles in hole transport layer 

This type of architecture takes advantage mainly of light scattering. Solar cells having this 

structure also benefit from hole collection improvement and exciton quenching reduction [190]. 

The improved hole collection is contributed to increased area of the interface between the 

buffer layer and active layer which is induced by incorporation of nanoparticles in buffer 

layer [195]. A reduction of resistance induced by the incorporation of nanoparticles is also 

reported [196]. Some examples of this concept have been successfully achieved to obtain 
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enhanced efficiencies. For instance, with the incorporation of 60-nm-diameter Ag 

nanoparticles in PEDOT:PSS layer, an efficiency enhancement of more than 20% has been 

obtained for tandem organic solar cells by Yang et al [190,197].  

1.5.2.2.3. Nanoparticles between different layers 

There are two possible configurations to insert nanoparticles between the different layers of an 

organic solar cell. They can possibly located between the ITO and the PEDOT:PSS layer or 

between the PEDOT:PSS and the photoactive layer (Figure 1. 34). These configurations can be 

realized by different deposition techniques, such as vacuum evaporation assisted with thermal 

annealing [198] or with template [199], self-assembly using silanes [200], spin-coating from 

nanoparticle solution [201,202]. 

For the configuration of having nanoparticles at the ITO/PEDOT:PSS interfaces, the solar cells 

may only take advantage of light scattering due to the localized surface electric field which 

only reaches to a few tens of nanometers around the nanoparticle [188]. As the thickness of 

PEDOT:PSS layer is typically 40 – 50 nm, the enhanced surface electric field can hardly 

extend into the active layer. In contrast to placing nanoparticles within photoactive layer, this 

configuration can avoid exciton quenching at the nanoparticle/photoactive layer interface. The 

nanoparticles may also excite the surface plasmon polaritons along the ITO surface helping 

charge carriers collection [190].  

For the device configuration with nanoparticles inserted at the PEDOT:PSS/photoactive layer 

interfaces, it is similar to the case of placing nanoparticles in the active layer. In this case the 

solar cells can benefit from both the light scattering and absorption even though exciton 

quenching can also potentially happen at this interface. Ligand-capped nanoparticles located at 

this interface have been reported to lead to a decrease of efficiency [202]. This decrease is due 

to the carrier recombination owning to the existence of nanoparticles. It has also been reported 

that ligand-free Ag and Au nanoparticles located at this interface leads to an efficiency 

enhancement of 20% [203]. 

1.6. Conclusions 

This chapter has presented the background knowledge about the OPVs, plasmons and the 

plasmonic OPVs. 
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First of all, a state-of-art of PVs, especially OSCs, was introduced. After that, the basic 

knowledge of organic semiconductors was presented, including their development and 

electronic structure, as well as the excitons and polarons in them. Particularly, the 

photo-conversion process was detailed introduced, including the photon absorption, exciton 

generation, exciton diffusion, dissociation of excitons at the donor/acceptor interface, charge 

transport to electrodes and charge collection at the electrodes. The general and specific 

architectures of OSCs were also introduced. Among them, the bulk heterojunction OSCs using 

P3HT:PCBM was highlighted, including the properties of the buffer layer (PEDOT:PSS), 

P3HT, PCBM and P3HT:PCBM blend. In addition, the general photovoltaic characteristics of 

OSCs and particularly the performance limiting factors were introduced. 

In the second part, the bulk plasmon, the surface plasmon on planar metal-dielectric interface 

and the localized surface plasmon resonance (LSPR) on the metallic nanoparticles (MNPs) 

were introduced. Particularly, the factors that affect the LSPR on MNPs (size, shape, 

surrounding medium and inter-particle couplings) were highlighted. The mechanisms that 

could enhance the efficiency of OSCs using MNPs were subsequently presented, including 

light scattering and concentration. After that, we introduced various plasmonic OSC 

configurations and samples with MNPs incorporated at different locations in them.  
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Chapter II  

Experimental methods and techniques 

This chapter introduces the experimental methods and the main characterization techniques 

used throughout this thesis. 

2.1. Materials 

The main materials used in this thesis are listed in Table 2. 1 and Table 2. 2, for the synthesis of 

silver nanoparticles and for the fabrication of components related to organic solar cells, 

respectively.  

Table 2. 1 lists the main materials used to synthesize Ag nanoparticles. All the materials are 

used as received without further purification. De-ionized (DI) water is used throughout for all 

solutions during the Ag synthesis if no otherwise specified. The Ag nanoparticles synthesis and 

characterization will be shown in Chapter III. 

The PEDOT:PSS solution used in this thesis was a product of Heraeus Group (named 

“Clevios
TM

 P”) [72]. The PEDOT-to-PSS ratio by weight is 1:2.5 [204]. The structure of 

PEDOT:PSS is shown in Figure 1. 16. 

Material name Chemical formula Average MW Assay/Quality level Provider 

Silver nitrate AgNO3 - 
99.9999% trace metals 

basis 
ALDRICH 

Trisodium citrate dehydrate HOC(COONa)(CH2COONa)2 · 2H2O - 
Premium, meets USP 

testing specifications 

SIGMA-ALDR

ICH 

poly(sodium 

styrenesulphonate) (PSS) 
[C8H7NaO3S]n 1000000 - ALDRICH 

Sodium borohydrate NaBH4 - 

for the determination of 

hydride formers by AAS, 

≥99% 

FLUKA 

L-ascorbic acid C6H8O6 - 
ACS reagent, reag. ISO, 

reag. Ph. Eur. 

SIGMA-ALDR

ICH 

Table 2. 1 Materials used to synthesize silver nanoparticles 

A polymer-fullerene blend of regioregular poly(3-hexylthiophene) (P3HT) and [6, 

6]-phenyl-C61-butyric acid methyl ester (PCBM) was used to fabricate organic solar cell 

samples in this thesis. The chemical structures of P3HT and PCBM are shown in Figure 1. 18 

http://dict.youdao.com/w/provider/
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and Figure 1. 22. P3HT is a semiconducting polymer. It is used as a donor material and 

PCBM acts as an electron acceptor in bulk heterojunction photovoltaic devices.  

IUPAC name Abbreviation Average MW Orbital energy 

poly(3,4-ethylenedioxythiophen

e): poly(styrenesulfonate) 
PEDOT: PSS - Work function: -5.2 eV 

poly(3-hexyl thiophene) P3HT 45,000-65,000 
LUMO: -3 eV 

HOMO: -5 eV 

1-(3-methoxycarbonyl)-propyl-

1-phenyl-[6,6] C61 
PCBM - 

HOMO: -6.5 eV 

LUMO: -4.3 eV  [205] 

Table 2. 2 Main polymer materials used in this thesis 

In this thesis, the P3HT was a product of Plextronics Inc. named “Plexcore OS 2100”, and 

PCBM was supplied by Solaris-Chem Inc. named “SOL5061”. The P3HT and PCBM were 

supplied at a high degree of purity and thus were used as received without further purification. 

These two materials have excellent solubility in common organic solvents, including 

chloroform (CF), chlorobenzene (CB) and 1,2-dichlorobenzene (DCB). CB and DCB were 

chosen as solvents in this thesis. 

2.2. Film and photovoltaic device preparation 

2.2.1. General preparation technique for thin films: Spin-coating 

Films were realized by spin-coating in this thesis. Spin-coating is a standard technique to make 

uniform thin polymer films on substrates. The spin-coating procedure is carried out as follows: 

Typically, a small amount of diluted polymer solution is applied by a pipette on the center of 

the substrate which is held on a chuck by vacuum. The substrate then is rotated at high speed 

(typically over 1000 rpm) to spread the coating materials to, eventually off, the edges of the 

substrate by centrifugal force, leaving a very thin polymer film on the substrate surface. During 

this process, the excess solvent is spun off the substrate or evaporated. In principle, the 

thickness depends on two factors: (1) the spin speed and time, (2) the viscosity and 

concentration of the solution. In principle, thin films will be obtained if high spin speed and 

long spin time, or low viscosity and concentration of the solution. Therefore, an appropriate 

spin speed and time must be set to get a desired film thickness. The correlation between film 

thickness and spin speed and time is shown in Figure 2. 1. In general, the film thickness is 

proportional to the inverse of the square root of the spin speed as in Equation 2. 1 [206,207]: 
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1
kh         Equation 2. 1 

Where h is the film thickness, ω is the angular velocity, k is a constant. For each sample 

solution, k is varied with the variation of solution viscosity, density and concentration, etc. For 

spin duration, if the spin time is longer than a certain time, t0, the film thickness will not change 

any more since the solvent is completely evaporated (Figure 2. 1). But within this time, the film 

thickness decreases very fast with increasing spin time. For common solvents, such as water 

and Toluene, t0 is shorter than 30 s, and for dichlorobenzene, longer spin time is needed [206]. 

Typically, we can obtain ultrathin films, e.g., tens of nanometers, by using this method at a very 

high spin speed. 

In this work, for PEDOT:PSS films, the spin coating was always carried out in air in a clean 

room. For P3HT:PCBM solution, the spin coating was always performed in nitrogen-filled 

glovebox under air-free and water-free conditions.  

 

Figure 2. 1 Film thickness as a function of spin speed and spin time [208] 

2.2.2. Preparation of films and photovoltaic device samples 

2.2.2.1. General preparation procedure for films on glass substrate or ITO-coated substrate and for 

photovoltaic devices 

For films prepared on glass substrates and ITO-coated glass substrates, the glass and 

ITO-coated glass substrates must be cleaned prior to use. For photovoltaic devices, they were 

realized using conjugated P3HT as the donor material, PCBM as the acceptor material and 

regular device architecture: Glass / indium tin oxide (ITO) / PEDOT:PSS / P3HT:PCM / Al 

cathode (Figure 2. 2).  

Unless stated otherwise, the films and organic solar cells (OSCs) used in this thesis were 

prepared following the general preparation procedure as follows: 
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1) Substrate cleaning: Usually, The ITO-coated substrate is protected by a photoresist layer 

and this layer can be removed by cleaning. Firstly, we used acetone to rinse the ITO-coated 

substrate to remove the photoresist layer. To ensure this removal, a cotton bud dipped with 

methanol was used to gently wipe the ITO surface. To further clean the ITO-coated 

substrate, four sequential ultrasonic baths (40 kHz) in diluted detergent (Thermo Scientific 

PCC-54 Detergent Concentrate, Thermo Fisher Scientific Inc.; 2 vol% in de-ionized 

water), de-ionized (DI) water, acetone and isopropyl alcohol were performed (respectively 

15 minutes in each solvent). They were then further cleaned by RF oxygen plasma (using 

SPI Plasma-Prep II Plasma Etcher Cleaner and Asher, supplied by SPI Supplies) for 10 

minutes to decompose any organic contaminants remained after ultrasonic baths. The 

glass substrates were cleaned using the same procedures as the cleaning of ITO-coated 

glass substrates. 

2) Spin-coating of PEDOT:PSS thin films: A layer of PEDOT:PSS (Clevios P) was 

spin-coated over the cleaned ITO-coated substrates. In this thesis, the thickness of 

PEDOT:PSS was kept to be about 40 nm, which is the optimal thickness we found for 

organic solar cells. The resulting PEDOT:PSS films were then annealed at 230 
o
C for 30 

minutes on a hotplate in a nitrogen-filled glovebox to avoid oxygen and moisture. Before 

spin-coating, the pristine PEDOT:PSS was filtered by a polyvinylidene difluoride (PVDF) 

syringe filter with a pore size of 0.45 μm.  

 

Figure 2. 2 Typically regular architecture of a bulk heterojunction organic solar cell 

 

Figure 2. 3 Photograph and dimensions of ITO-coated glass substrate 
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3) Spin-coating of photoactive layer: The P3HT:PCBM blend was dissolved in 

1,2-dichlorobenzene (DCB). The weight ratio between P3HT and PCBM is 1:1, and the 

concentration of P3HT in DCB is 20 mg/mL. The solution firstly was heated at 90 
o
C for at 

least 10 minutes and then kept at 50
 o

C over-night. Vigorous stirring was applied 

throughout all this procedure. The P3HT:PCBM photoactive layer was then directly spin 

coated on top of PEDOT:PSS layer at 1000 rpm for 80 s. The thickness of the 

P3HT:PCBM photoactive layer was about 200 nm.  

4) Back electrodes deposition: Over the photoactive layer, a 100 nm-thick aluminum layer 

was deposited under vacuum using a shadow mask. Aluminum was used here as cathode 

due to the close alignment between its work function (4.28 eV [209]) and the LUMO of 

PCBM (4.30 eV). In our case, the surface area of each cell is 0.0426 cm
2
. For deposition, 

the vacuum pressure was in the order of 10
-6

 mbar, and the evaporation rate and thickness 

were monitored by a quartz crystal oscillator. To avoid any potential damage in the 

photoactive layer, the evaporation rate was limited to 0.1 nm/s for the initial 10 nm to 20 

nm before being increased to 0.5 nm/s for the rest of 90 nm. The evaporator was located 

outside the N2-filled glove box so care must be taken to shorten the time of exposing 

devices to air and light. To manage this, a container integrated with a manual vacuum 

pump in the lid was used.  

5) Post-annealing, making contacts and encapsulation: The devices were then transferred 

into the glovebox for post-annealing and encapsulation. First, in order to make contact, 

part of the resulting layers (PEDOT:PSS and photoactive layer) close to one of the edges 

of the devices where there is no Al was gently scratched off to expose the ITO coating. The 

devices were then annealed on a hotplate in the glovebox for 10 minutes. After that, by 

adding lead frames with zero insertion force (ZIF) sockets, devices can be inserted into a 

prototyping box allowing electrical connection to sample cells for characterizations. 

Finally, a drop of resin was placed on the Al electrode which was further covered by a 

glass slide. The resin was gently pressed by the glass to spread over the entire area under 

the glass slide. Care was taken in order to eliminate any air bubbles. The encapsulated 

devices were kept horizontal in glovebox over night to solidify the resin, then the devices 

were ready for use. 
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2.2.2.2. Preparation of sample PEDOT:PSS films and OSCs for optimization of PEDOT:PSS layer by 

post-deposition thermal annealing 

2.2.2.2.1. PEDOT:PSS films  

In literature, the annealing temperature typically varies from 100
 
°C to 250 °C to investigate its 

effects on the properties of PEDOT:PSS films, or even higher than 250 °C to study the 

degradation mechanism of PEDOT:PSS. In this thesis, to obtain the optimal PEDOT:PSS 

annealing temperature for applications, we annealed the PEDOT:PSS films (40nm-thick) for 

30 minutes at 150
 
°C, 200

 
°C, 230

 
°C, 240

 
°C, 250

 
°C, respectively.  

2.2.2.2.2. Organic solar cells 

The PEDOT:PSS films were annealed for 30 minutes at 150
 
°C, 200

 
°C, 230

 
°C, 240

 
°C, 250

 
°C, 

respectively; the P3HT:PCBM blend (the P3HT:PCBM ratio was 1:0.8 in weight and the total 

blend concentration was 22.5 mg/mL in chlorobenzene) thickness was 120 nm, and the OSCs 

were annealed at 150 °C for 10 minutes. 

2.2.2.3. Preparation of sample PEDOT:PSS films and OSCs for optimization of PEDOT:PSS layer by 

adding glycerol  

2.2.2.3.1. PEDOT:PSS films  

Different volume percentages including 2.5%, 5.0%, 7.5% and 10.0% of glycerol were added 

into the PEDOT:PSS solutions, respectively. In order to be well dispersed, the mixed 

PEDOT:PSS solutions were vigorously stirred for 30 minutes at 1300 rpm. For comparison a 

pristine PEDOT:PSS dispersion was also prepared. The PEDOT:PSS films (with 0%, 2.5%, 

5.0%, 7.5% and 10.0% of glycerol) were annealed in glovebox at 230 °C for 30 minutes. 

2.2.2.3.2. Organic solar cells 

A control sample OSC using pristine PEDOT:PSS and an OSC using 7.5 vol.% glycerol 

modified PEDOT:PSS (denoted as G-OSC) were also prepared. In these two OSCs, the 

PEDOT:PSS layer were also annealed at 230 °C for 30 minutes; The P3HT:PCBM blend (the 

P3HT:PCBM ratio was 1:0.8 in weight and the total blend concentration was 22.5 mg/mL in 

chlorobenzene) thickness was 120 nm, and the OSCs were annealed at 150 °C for 10 minutes. 

2.2.2.4. Sample preparation for optimization of photoactive layer 

2.2.2.4.1. Organic solar cell samples using thermal annealing  

In order to obtain the optimum annealing parameters for active layer, we fabricated devices 

following the general fabrication procedure mentioned in Section 2.2.2.1 and we tested 
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different post-deposition annealing temperatures (devices annealed after electrode deposition):  

130 °C, 140 °C, 150 °C, 160 °C and 170 °C, all for 10 minutes. 

2.2.2.4.2. Organic solar cell samples using solvent annealing and addition of additive  

In order to enhance the efficiency of P3HT:PCBM cells, both the solvent annealing and 

additive (n-hexane) were applied. The fabrication conditions of sample devices were listed in 

Table 2. 3. The photoactive layer of OSC no.2 was spin-coated at 1000 rpm for 60 s. After 

spin-coating for 60s, the film was still wet. This wet film was then put inside a covered glass 

petri dish until completely dried (judging by color change when the film becomes solid from 

liquid phase). For sample OSC no.3, 0.2 mL of n-hexane were slowly added into a 1 mL 

well-dissolved P3HT:PCBM dispersion in DCB with magnetic stirring. Except for this all 

other fabrication parameters were the same to sample no.2. OSC no.1 is the "control sample" 

and it was spin-coated at 1000 rpm for 80 s so that the film was completely dried after 

spin-coating. All these three samples were annealed at 150 °C for 10 minutes after Al electrode 

deposition. 

Sample 

no. 

Additive 

(hexane) 

Slow solvent 

annealing 

Thermal 

annealing 
Note 

1 No No 

150 °C 

10 minutes 

Control sample 

2 No Yes Solvent annealing 

3 Yes Yes 
Additive (hexane) + solvent 

annealing 

Table 2. 3 Fabrication conditions of control OSC and OSCs using solvent annealing and additive 

2.2.2.5. Sample preparation for plasmonic OSCs using Ag NPSMs in PEDOT:PSS layer 

The sample devices are fabricated following the general fabrication procedure described in 

Section 2.2.2.1. The conditions applied to achieve hybrid PEDOT:PSS was the same as those 

presented in section 3.3.1. For clarity important fabrication conditions are listed in Table 2. 4. 

Sample no. 1 (control 

sample) 

2 3 4 

PEDOT:PSS 

(40 nm-thick) 

Pristine 0.6 mg/mL 

Ag NPSMs 

1.6 mg/mL 

Ag NPSMs 

2.6 mg/mL Ag 

NPSMs 

Annealed at 230 °C for 30 minutes in a N2-filled glovebox. 

Active layer 

(200 nm-thick) 

Spin-coated at 1000 rpm for 60 s, dried in glass petri dishes;  

Annealed at 150 °C for 10 minutes in a N2-filled glovebox. 

Table 2. 4 Fabrication conditions of plasmonic solar cells  

2.2.2.6. Sample preparation for plasmonic OSCs using Ag NPSMs and glycerol in PEDOT:PSS layer 

In this part, we used the glycerol, an solvent additive, to dramatically reduce the sheet 

resistance of hybrid Ag NPSM-PEDOT:PSS films. The general fabrication process of 
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plasmonic solar cells is identical to the process described in the Section 2.2.2.5. In addition to 

this general process, various volumes of glycerol were added into the resulting hybrid 

PEDOT:PSS-Ag NPSM solution followed by stirring and ultra-sonication. These solution 

were then used in spin-coating to achieve hybrid PEDOT:PSS-Ag films (40 nm-thick).  

The important fabrication parameters of the control sample and the glycerol modified 

plasmonic OSCs (denoted as G-plasmonic OSCs) were listed in Table 2. 5, whereas other 

preparation steps are identical to those used in Section 2.2.2.5.  

Sample no. PEDOT:PSS 

1 (control) Pristine 

2 0.6 mg/mL Ag NPSM + 1.0 vol% glycerol 

3 0.6 mg/mL Ag NPSM + 2.0 vol% glycerol 

Table 2. 5 Fabrication parameters of G-plasmonic OSCs 

2.3. Characterization Methods  

2.3.1. Characterization technique for Ag nanoparticles and solutions 

2.3.1.1. UV-visible absorption for solutions 

UV-Vis absorbance was performed using a Varian Cary 5E UV-Visible-NIR spectrometer. It 

has an operating range of 200 - 3300 nm with a resolution of 0.5 nm using a deuterium arc lamp 

as a source of UV radiations and a tungsten halogen lamp as the source of VIS-NIR radiations. 

When carrying out the measurement, it contains four steps: Firstly, collect the "blank" 

spectrum without any sample loaded. Second, collect the "black" spectrum by blocking the 

beam completely; third, load a reference sample and then collect the absorption baseline; 

finally, load the sample and collect the absorption spectrum.  

The UV-Vis absorbance of the solution, referred to as optical density (OD) can be determined 

by the Beer-Lambert absorption law using Equation 2. 2: 















0

0
10-logOD

TT

TT

R

S
       Equation 2. 2 

Where T0 is the background noise signals of the system, TR is the transmission of the reference 

and Ts the transmission of the sample solution. In fact, this is automatically calculated by 

supplementary software and we will directly obtain the absorbance spectra at the end of the 

measurement. 
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2.3.1.2. X-ray Diffraction  

X-ray diffraction (XRD) is a chief technique to identify the atomic and molecular structure of a 

crystal. In this technique, the atomic planes in a crystal cause a beam of incident X-rays to 

interfere with one another when they leave the crystal in many specific directions. The angles 

(θ) and intensities of these diffracted X-ray beams can be used to identify different crystal 

structures. We can use Bragg’s Law (Equation 2. 3) to describe this relation of the angle and 

the spacing between atomic layers:  

θdλ sin2 n          Equation 2. 3 

Where the variable d is the distance between atomic layers in a crystal, and the variable lambda 

λ is the wavelength of the incident X-ray beam; n is an integer. 

Moreover, XRD is a nondestructive technique. Therefore, by using XRD technique, we can 

identify crystalline phases and orientations; determine structural properties such as lattice 

parameters, grain size, phase composition, internal stress of small crystalline regions, thermal 

expansion; measure thickness of thin films and multi-layers, etc. 

In our case, the XRD pattern was collected using Philips X’PERT MPD with software of X'Pert 

Data collector by exposing powder samples on silicon substrate to Cu-Kα X-ray radiation. The 

X-rays have a characteristic wavelength of 1.5406 Å and were generated from a Cu anode 

supplied with 40 kV and a current of 40 mA. 

2.3.1.3. Transmission electron microscopy 

The transmission election microscopy (TEM) is a microscopy technique using an electron 

beam as light source. When shinning an electron beam onto a matter, various signals will be 

arisen since the electron-matter interaction. These signals offer unique possibilities to gain 

insights into structure, topology, morphology, and composition of a material. For example, the 

electron-matter interaction produces characteristic x-rays and these x-rays can be detected by 

electron microprobe to analyze the elemental composition of a material; it also produces Auger 

electrons, and Auger electrons can be collected by Auger electron spectroscopy to determine 

the surface morphology and composition, etc. 

If the target is an ultra-thin specimen, some portion of the electrons is transmitted through the 

specimen and can be collected by a fluorescent screen or a CCD camera. This results in an 

image of the specimen with its different parts displayed in varied darkness according its density, 

crystalline phase and orientation, crystal defects, etc. [210]. The TEM thus allows recording 

http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://en.wikipedia.org/wiki/Microscope
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significantly high resolution (less than 0.1 nm) images because of the very small De Broglie 

wavelength [211] of the electrons.  

The TEM has many applications providing information on element and compound structure, 

such as identification of crystalline phase and orientation, determination of crystalline state and 

structure, quasicrystal structure and orientation, crystal defects, and nanoparticle morphology 

and size [210,212], thus the TEM is widely used in many fields such as materials science, 

nanotechnology  [165,213]. 

In this thesis, TEM and high resolution TEM were undertaken using a JEOL 2010 

field-emission gun microscope operating at 200kV with a lattice resolution of 0.1 nm. 

2.3.2. Characterization techniques for films 

2.3.2.1. Thickness determination  

A KLA-Tencor P11 surface profilometer was used to measure the resulting polymer films 

thickness. The profilometer has low force measurement micro-head with a sharp probe tip (2 

μm radius, 60 degree's). When carrying out measurement, the profilometer allows tracking the 

probe tip over the polymer surface and obtaining a height profile. In the case of thickness 

measurement, a score was made on the film before the measurement. The probe tip scanned 

over this score to gain the height difference and this difference is the film thickness. Since the 

inhomogeneity of the film, the accuracy of this measurement is typically ± 5 nm. 

2.3.2.2. Integrating sphere photometer for films 

Integrating sphere is an instrument which can allow measuring the global photometric 

coefficients of film samples like transmittance (T(λ)), total reflectance (R(λ), sum of specular 

and diffuse reflectance). If necessary, diffuse reflectance only is also possible to be measured. 

In this thesis, the integrating sphere was used to study the optical properties of thin films. 

Figure 2. 4 shows the configuration of a typical integrating sphere. The interior of an 

integrating sphere is covered with a diffuse white reflective coating, barium sulfate (BaSO4) in 

our case, which has a usefully flat and high reflectance over the visible spectrum, taking 

advantage of its uniform scattering or diffusing effect (for an ideal integrating sphere, it should 

be lambertian surface).  

An incandescent lamp is used as the light source, which contains the spectral range from about 

200 nm to 1700 nm. In addition, the input light beam can be tuned by a diaphragm adjusting to 

the dimension of the sample.  

http://dict.youdao.com/w/quasicrystal/
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://en.wikipedia.org/wiki/Diffuse_reflection
http://en.wikipedia.org/wiki/Barium_sulfate
http://en.wikipedia.org/wiki/Scattering
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Several ports are made at the equator of the sphere for light entrance and exit (Figure 2. 4). Port 

1 is the light entrance and port 2 and 3 are exits. There is still one more port which is used to 

trap the specular reflection beam during measurement of diffuse reflectance. In normal 

measurement, to obtain the total reflectance and transmittance, this port is covered with an 

object which has the same coating as the interior of the integrating sphere. For reflection 

measurement, there is an angle of 8° between the direction of the incident light beam and the 

normal direction of the sample surface. In this way, we can avoid the exclusion of the specular 

reflection beam and measure the total reflectance. An optical fiber connected to the 

spectrometer at the back side of the sphere is used, allowing detection of the light inside the 

sphere and the spectrometer is connected to a PC which has a special acquisition software. In 

principle, a baffle located between the fiber and port 1 is used to prevent light directly traveling 

from port 1 onto the fiber. In our system, two spectrometers are used for near UV and near 

infrared and the resolution is 0.1 nm.  

  

Figure 2. 4 Schematic of an integrating sphere 

For the measurement of T(λ) and R(λ), it contains several steps as follows. First, we measure 

the noise background signal (I0) which is always observed during the measurement. During 

this step, the port 1 and 3 are open allowing the exclusion of incident light. Port 2 is covered 

with an object (the reference, normally has a lambertian surface) which has the same coating as 

the interior of the sphere. Second step, port 1 is open but port 3 is covered with the reference. 

Port 2 is covered with the sample. In this way, we obtain the reference result I1. In the third step, 

for total R(λ), port 1 is open, port 2 is covered by the reference, and port 3 is covered with the 

sample; for T(λ), port 2 is open, port 3 is covered with the reference but the sample is placed 

before the port 1. During this step, we obtain the result from sample (I2). Especially, for diffuse 

R(λ), we should replace the cover of the port by a light trapper to remove the specular refection 

http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
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beam, while the measurement procedure is same as the measurement of total R(λ). Finally, we 

calculate the global photometric coefficients, T(λ)) and R(λ) as follows: 

)(-)(

)(-)(
)(,)(

01

02
diffusetotal,

λIλI

λIλI
λTλR        Equation 2. 4 

Particularly, all the resulting signals are proportional to the intensity of the incident light. They 

are all in percentage unit. For specular R(λ), it is calculated as follows:  

)()()(specular λRλRλR diffusetotal        Equation 2. 5 

We can also calculate the Absorptance of the sample as follows (the intensity of incident light 

is normalized to 1): 

)()(1)( λTλRλA total         Equation 2. 6 

In summary, by using integrating sphere, we can obtain the global photometric coefficients of a 

sample such as Transmittance (T(λ)), Reflectance (R(λ)), and then the Absorptance (A(λ)). 

These coefficients are useful to study the optical properties of thin films.  

In this thesis, a Labsphere RT-060 and an AvaSpec-ULS3648 high-resolution spectrometer for 

near UV and visible range (200 nm ~ 1100nm) were used to collect signals. The spectrometer 

was connected to a computer with USB2. Together with acquisition software Avasoft 7.5, we 

can subsequently obtain the Transmittance (T(λ)), Reflectance (R(λ)) spectra.  

2.3.2.3. Goniophotometry 

Goniophotometry (or goniometric optical scatter measurement) is a technique for measuring 

the angular intensity distribution of back-scattering and forward-scattering light from diffusive 

samples (or specular surface) and this distribution is possibly wavelength-dependent. This 

technique requires an instrument, Goniophotometer, allowing measuring light scattered in the 

visible and in the near infrared range. Figure 2. 5 shows the Goniophotometer used in this 

thesis, Reflet 90, provided by STIL Company in France. 

The major component of a Goniophotometer consists of an optical bench, a darkroom (not 

shown), a light box (not shown), an electronic cabinet and a computer with dedicated boards 

and software (Figure 2. 7). The optical bench is comprised of an illumination system and a 

detection system which observes at the same point of the sample surface. Two diaphragms in 

the illumination module allow tuning the incident light spot size and intensity. The incidence 

angle can also be tuned by rotation of a motorized 1-axis goniometer (Figure 2. 6, rotation 

http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
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angle =θi, 0° ≤ θi ≤ 90°). The detection system has a motorized 2-axis goniometer (rotation 

angles = θd and φd, -90° ≤ θd ≤ +90°, -105° ≤ φd ≤ +105°), allowing symmetric rotating in two 

axes (Figure 2. 6). For the goniometer, the angular resolution is 0.1° and positioning precision 

is 0.5°. The optical bench is mounted inside a darkroom to prevent light from surrounding 

environment. Light source is supplied by a tungsten halogen lamp mounted in a light box. The 

electronic cabinet is used to control the motion of the optical bench and for power supply. The 

REFLET operating software installed in a computer is used for data acquisition. 

 

Figure 2. 5 Photogragh of optical bench and electronic cabinet of Reflet 90 

The raw result data are proportional to the incident light intensity. This result is relative to 

some standard. To obtain an absolute measurement, a lambertian standard is used. Then we use 

the Bidirectional Reflectance Distribution Function (BRDF) to study quantitatively the 

reflectance behavior of the non-lambertian sample surface by the variation of direction of view. 

BRDF can be derived from the raw result data obtained from Goniophotometer. The BRDF is 

defined by the CIE (Commission Internationale de l’Eclairage) as follows: 

),(/),(),,,( 0 iiddiidd ELBRDF       Equation 2. 7 

where L(d, d) is the sample luminance in the direction (d, d), E(i, i) is the illuminance on 

the sample surface in the direction (i, i). The units of L(d, d), E(i, i) and BRDF are, 

respectively: candela/m
2
, lux, sr

-1
.  

In our case, the i is zero and i is set to be 8°, and the BRDFs are obtained from a lambertian 

normalization mode using the REFLET operating software (Figure 2. 7): we first choose 
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“BRDF” measurement type in the “Tools” window, the “File” for “signal source”, and the 

“Lambertian” for “normalization type”. We then enter the data file obtained from sample and 

lambertian standard, finally calculate and save the resulting BRDF data. 

 

Figure 2. 6 Rotation axes of Goniophotometer (θd = zenith detection angle, φd = azimuth detection angle, θi = illumination 

zenith angle).  

 

Figure 2. 7 BRDF page of REFLET operating software 

2.3.2.4. Atomic Force Microscopy and conductive Atomic Force Microscopy 

Atomic force microscopy (AFM) is a common technique to investigate surface morphologies. 

Figure 2. 8 shows the general components of the AFM. The AFM consists of a cantilever and a 

sharp tip attached to the end of the cantilever. This tip is scanned across a sample during the 

measurement. The tip has a radius of curvature on the order of nanometers. A laser and 

photodiode are used to monitor the deflection variation of the cantilever caused by the forces 

developed between the tip and the sample. For the AFM measurement, there are 3 primary 

http://en.wikipedia.org/wiki/Atomic_force_microscopy
http://en.wikipedia.org/wiki/Atomic_force_microscopy
http://en.wikipedia.org/wiki/Radius_of_curvature_(applications)
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imaging modes, according to the nature of the tip motion: contact mode, tapping mode, and 

non-contact mode. In this thesis, the tapping mode is chosen to study the polymer film surfaces. 

In the tapping mode, the cantilever is oscillated at its resonant frequency and the oscillation 

amplitude is maintained constant using a feedback loop. When the tip comes closer to the 

sample surface, the tip-surface interaction results in a decrease in the amplitude. In order to 

keep the amplitude a constant, the feedback mechanism adjusts the cantilever height as the 

cantilever is scanned over the sample. The movement of the cantilever is detected by the laser 

beam and photodiode detection system and a high-resolution height profile image is obtained.  

In order to study the effect of surface morphology on the electrical property of thin films, on the 

same sample region we also performed condutive AFM (C-AFM) characterizations. The 

C-AFM usally uses contact mode and a conductive tip together with a cantilever to measure the 

conductivity of a sample [214–217]. The C-AFM image is associated with the surface profile 

of the same sample region allowing studying the correlation of the topography and electrical 

conductivity.   

The AFM and C-AFM images in this thesis were obtained by CSI Nano-Observer AFM from 

the company ScienTec. For the C-AFM, a Resiscope II electrical module was attached to the 

CSI Nano-Observer AFM and a DC bias was applied between the sample and a conductive 

AFM probe (tip at virtual ground). The contact mode was used. The resistance range of 

Resiscope II electrical module is between 10
2 
Ω and 10

12 
Ω, and current range is between 100 

fA and 1 mA. 

 

Figure 2. 8 Block diagram of atomic force microscope using beam deflection detection [218]. 
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2.3.2.5. Four point probe measurement 

A four point probe is a very simple setup allowing easy and quick measurement of the surface 

resistance of thin semiconductor film specimens. The operating principle is presented below 

(Figure 2. 9).  

For a very thin and quasi-infinite film (thickness t << s), by applying a current through two 

outer probes, we get current rings rather than spheres. Hence, for the area xtA 2 , the 

deviation of expression of resistance is as follows:  

2ln
2

d

22

d
22

1
tx

x

txt

x
R

s

s

x

x









         Equation 2. 8 

Where R is the resistance, ρ is the resistivity, s is the probe spacing, t is the film thickness. Due 

to the superposition of current at the outer two tips, IVR 2 , the resistivity is:  

)(
2ln I

Vt
          Equation 2. 9 

where the I is the current applied through the outer probes and the V is voltage through the 

inner probes which are measured by instruments. Finally, the sheet resistivity tRsheet  for 

the semi-infinite thin film can be expressed as:  

)(53.4)(
2ln I

V

I

V
Rsheet 


      Equation 2. 10 

In this thesis, sheet resistance (Ω/square) was obtained from Cascade 4-point probe 

(CASCADE MICROTECH C4S-67 PROBE) together with a Keithley 238 source 

measurement unit and a Keithley 199 system digital multimeter scanner (for measuring the 

voltage). 

 

Figure 2. 9 Schematic of 4-point probe configuration, s = 1 mm for CASCADE MICROTECH C4S-67 PROBE 

http://dict.youdao.com/w/resistivity/
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2.3.3. Characterization techniques for solar cells  

In order to evaluate the performance of solar cells, the current-voltage and external quantum 

efficiency characterization were performed.  

2.3.3.1. Current-Voltage Characterization 

This technique allows measuring the current as a function of input voltage by applying a bias to 

the solar cell. Figure 2. 10 shows the equivalent circuit diagram of a solar cell. When a solar 

cell is connected to an external voltage source (in the red color) which applies a bias voltage, 

we can obtain the correlation between the current and bias voltage, both in dark and under 

illumination.  

In this thesis, we used a solar simulator to generate an illumination in the condition of AM1.5 

(1000 W/m
2
, see Figure 1. 9), a Keithley 2700 to measure the current and Keithley 2000 to 

measure electric tension. The external voltage was supplied by an Agilent 3640A 

programmable DC power supplies. The measurements were carried out in an ambient 

enviroment at 27 °C. As a result, we would obtain the figures of current as a function of bias 

voltage like Figure 1. 24.  

 
Figure 2. 10 The equivalent circuit diagram of a solar cell (the part inside the blue dash line) 

2.3.3.2. External quantum efficiency 

The external quantum efficiency (EQE) is the ratio between the number of  charge carriers 

(Ne(λ)) collected by the solar cell to the number of photons (Nph(λ)) of a given energy incident 

on the solar cell (Equation 1. 5). While the number of charge carriers (Ne(λ)) collected by the 

solar cell is given by Equation 2. 11:  

 
 
e

J
N sc

e


          Equation 2. 11 

and the number of photons (Nph(λ)) of a given energy incident on the solar cell:  

http://en.wikipedia.org/w/index.php?title=External_quantum_efficiency&redirect=no
http://en.wikipedia.org/w/index.php?title=External_quantum_efficiency&redirect=no
http://dict.youdao.com/w/electric/
http://dict.youdao.com/w/tension/
http://en.wikipedia.org/w/index.php?title=External_quantum_efficiency&redirect=no
http://en.wikipedia.org/w/index.php?title=External_quantum_efficiency&redirect=no
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
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Then we get 
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Where the Jsc(λ) is the current collected from a testing device and Pi(λ) is the incident power, 

Eph(λ) is the energy of a photon, λ is the wavelength, h is Planck constant, c is the speed of light 

in vacuum, e is the elementary charge. In practice, A silicon photodiode which has spectral 

response (S
ref

(λ), in unit of A/W, Equation 2. 14) is uswd as a reference. 
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Finally we get  

 
 
 

 





 scref

sc

ref

J
J

S

e

hc
EQE        Equation 2. 15 

Where S
ref

(λ) and  ref

scJ  can be obtained from a reference photodiode, Jsc(λ) is obtained from 

the sample. 

The setup used in this thesis for external EQE measurement is shown in Figure 2. 11. We used 

an ASB-XE-175 Xenon Fiber Optic Light Source to generate a spectrum from UV to near 

infrared (200 nm ~ 1180 nm). A monochromatic spectrum was obtained behind a DK240 1/4 

meter monochromator (provided by Spectral Products) and then modulated by a chopper. A 

filter for visible spectrum (400 nm~ 750 nm) was used to avoid UV and near infrared light. A 

low-noise current preamplifier (Model SR570, provided by Stanford Research Systems, Inc.) 

was used to amplify and covert the small current signal into a voltage signal. This signal is then 

measured by a lock-in amplifier (Model SR810 DSP lock-in amplifier, provided by Stanford 

Research Systems, Inc.) locked to the frequency of the chopper.  

http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://dict.youdao.com/w/planck/
http://dict.youdao.com/w/constant/
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Elementary_charge
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://zh.wikipedia.org/zh/%CE%9B%E6%BC%94%E7%AE%97
http://dict.youdao.com/w/monochromatic/
http://dict.youdao.com/w/spectrum/
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Figure 2. 11 Schematic of external quantum efficiency measurement 

2.4. Conclusion 

In this chapter, we introduced the main materials used in this thesis, for Ag nanoparticles 

synthesis and for solar cell fabrication.  

We also presented the methods used to prepare polymer thin films and organic solar cells. We 

use spin coating method to obtain ultrathin and uniform polymer films. The spin coating 

method was also applied in the solar cell fabrication. The fabrication process of films and 

organic solar cells was introduced in details. 

Characterization techniques of UV-visible absorption spectroscopy, x-ray diffraction and TEM 

for Ag nanoparticles solution and the Ag nanoparticles themselves were presented as well. By 

using these techniques, we can study the localized surface plasmon resonance of the Ag 

nanoparticles in solution and characterize the shape, size and crystalline structure Ag 

nanoparticles. 

Characterization techniques for thin films were highlighted in this chapter, such as integrating 

sphere, goniophotometry, AFM and C-AFM, and four-point-probe measurement. These 

techniques allow us to investigate the structural, optical and electrical properties of thin films. 

In the end, we introduced two characterization techniques for organic solar cells: 

current-voltage and external quantum efficiency characterizations. These two techniques allow 

us to evaluate the performance of solar cells and as well as the solar cells’ spectral response. 
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Chapter III  

Structural, optical and electrical 

properties of PEDOT:PSS thin films doped 

with silver nanoprisms 

3.1. Introduction  

Over the last two decades, metal-polymer nanocomposites, metallic nanoparticles embedded in 

conducting polymer matrix, have attracted much attention due to their tunable magnetic, 

mechanical, electrical or optical properties [219–221]. These promising properties enable them 

to be applied in many applications such as sensors [222], light emitting diodes [223], 

capacitors [224] and particularly in solar cells [225]. Among various metal-polymer 

nanocomposites, there is significant interest in recent years on the properties of 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and their mixture 

with silver nanoparticles. PEDOT:PSS is a conductive polymer. Due to its suitable work 

function and beneficial effects in surface roughness [86,226], it is commonly used as a buffer 

layer between the anodic electrode and the organic photoactive layer in the fabrication of 

organic solar cells [59–61]. Instead of inserting sub-wavelength-dimension Ag nanoparticles 

(Ag NPs) inside the photoactive layer [227,228], their incorporation into PEDOT:PSS films 

has been found to enhance the absorption of the composite in the visible spectrum due to 

localized surface plasmon resonance (LSPR) [188,229,230]. In addition to absorption, light 

scattering [61,230] in this case was also found to increase which can be beneficial for 

light-trapping in the photoactive layer. It has been also reported that the incorporation of Ag 

NPs in PEDOT:PSS can effectively improve the conductivity of PEDOT:PSS [196,231,232] 

and increase the surface roughness [61,225]. Combining all these beneficial effects in optical, 

electrical, and structural properties, hybrid Ag-nanoparticle-PEDOT:PSS thin films are of high 

potentials for organic solar cells towards better photovoltaic performance [61,83,225,233,234].  

In order to explore the implications of the localized surface plasmon resonance of noble metal 

nanoparticles in applications such as organic solar cells, in this chapter, we synthesized 
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colloidal Ag nanoprisms (NPSMs) and fabricated a series of hybrid Ag-NPSM-PEDOT:PSS 

films containing various amount of Ag NPSMs. While compared to spherical Ag nanoparticles 

(NPs), Ag NPSMs exhibit LSPR with a wider wavelength tunability window from the visible 

to the near-IR regions [235]; Despite this attractive LSPR tunability, the incorporation of Ag 

NPSMs in PEDOT:PSS has not been explored so far. After that, a series of structural, optical, 

and electrical characterizations were performed on Ag NPSMs and Ag-NPSM-PEDOT:PSS 

hybrid thin films by various techniques including transmission electron microscopy (TEM), 

optical absorption measurement, goniophotometry, regular and conductive atomic force 

microscopy (C-AFM), and four-point-probe resistance measurements. In particular, 

goniophotometry allows quantitative surface reflectance studies and the calculation of 

Bidirectional Reflectance Distribution Functions (BRDF) of sample surfaces, which are likely 

to be non-Lambertian diffuse surfaces [236]. Through analyzing the BRDF results of different 

hybrid films, we compared among different hybrid films the proportions of light being 

reflected and absorbed over various reflected angles. 

Comparing the results from these characterization techniques, we study how the structural, 

optical and electrical properties of these hybrid films are modified by different concentrations 

of Ag NPSMs, shedding light on their perspectives in organic solar cells towards enhanced 

photovoltaic performance. 

3.2. Ag NPSM synthesis and characterizations  

There many methods and techniques to synthesize silver and gold nanoparticles, such as 

chemical reductions through AgNO3 reduced by heating PEG (Polyethylene glycol) [237] or 

EG (ethylene glycol) [238] or by NaBH4 [239] and Hydrazine [240], sonochemical 

deposition [241,242] or through nanostructured templates [243,244], gas 

condensation [245,246], laser irradiation [196,247],  and as well as photochemical 

methods [248,249]. Moreover, the synthesis can achieve a variety of shapes, including 

spheres [237,250], rods [251,252], wires [137,253,254], disks [255–257], cubes [258,259], 

shells [260], and prisms [165,261] with varying optical properties. Among these structures, the 

nanoprisms have attracted much attention from scientists because they display LSPR with a 

wider wavelength tunability window from the visible to the near-IR regions. In addition, they 

can be synthesized with high yield and can be easily functionalized with sulfur-containing 

adsorbates [165,235,262].  

http://en.wikipedia.org/wiki/Polyethylene_glycol
http://en.wikipedia.org/wiki/Polyethylene_glycol
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To achieve nanoparticles of nanoprism morphology, in general, there are two routes: thermal 

(chemical reduction) and photochemical routes. In the photochemical approach, Ag 

nanospheres are initially formed. Then they anisotropically grow into nanoprisms by the 

assistance of surface plasmon excitations induced by laser irradiation. The surface plasmon 

excitations lead to a redistribution of charges on the surface which further results in the ligand 

dissociation and face-selective Ag
+
 reduction at the sites where there is plasmonic-enhanced 

electric field. As a result, this face-selective reduction leads to the face-selective growth of 

nanoprisms [37,53]. This synthesis approach is reliable and efficient offering good tunability 

of the aspect-ratio (the ratio of edge length to thickness) depending on the irradiation 

wavelength. However, this photo-mediated growth method is time-consuming, typically taking 

50 ~ 70 hours [37,53]. On the other hand, some thermal approaches are also efficient ways to 

synthesize Ag NPSMs. Thermal approaches allow modest control over particle size but they 

are relatively rapid (within several tens of minutes) and reproducible [165,239]. Generally 

speaking, in these syntheses, Ag NPSMs are produced under mild conditions, i.e. at room 

temperature and using water as the solvent.   

3.2.1. Ag NPSMs synthesis 

The Ag NPSMs used in this work were prepared using a thermal approach, following the 

seeded growth method from Aherne et al [165].  

In this synthesizing recipe, there are two steps: seed production and nanoprism growth. First, 

the seeds were synthesized by adding an aqueous silver nitrate solution (AgNO3, 5 mL, 0.5 

mM; 2 mL/min) into a freshly prepared mixture of trisodium citrate (Na3C6H5O7·2H2O, 5mL, 

2.5mM), poly(sodium styrenesulphonate) (PSS, 1,000 kDa, 0.25mL) and sodium borohydride 

(NaBH4, 0.3 mL, 10 mM; reducing agent) under vigorous stirring. The chemical equation for 

this reduction process could be expressed as follows [263]:  

3622

0

43 NaNO + HB
2

1
 + H

2

1
 + Ag → NaBH + AgNO  

Second, the Ag NPSMs were produced by slowly adding AgNO3 (5 mL, 0.5 mM; 1 mL/min) 

into a mixed solution containing de-ionized water (5 mL), ascorbic acid (C6H6O6, 75 μL, 10 

mM; reducing agent) and different quantities of the seed solution: 500 μL, 650μL, 1000μL and 

2000μL, respectively. The mechanism of this reduction reaction is [264,265]:  

3666

0

6863 2HNO + OHC + 2Ag OHC + 2AgNO   
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Finally, another aqueous trisodium citrate solution (0.5 mL, 25 mM) was added into the above 

solution to stabilize Ag NPSMs. De-ionized (DI) water instead of distilled water was used 

throughout the entire preparation.   

Here PSS plays a complex role in the direction-selective growth through preferential 

adsorption onto certain Ag facets and through influencing the defect structures [165]. Citrate 

cannot only stabilize the nanoparticles but also direct the anisotropic growth of 

nanoprisms [165,239]. Normally, nanoparticles have large interfacial energy (γ) and many 

dangling bonds due to their small dimensions. This leads to aggregation of nanoparticles. Such 

aggregation can possibly be prevented by the addition of stabilizers. For citrate, it can form two 

Ag-O bonds with the Ag(110) surface or four Ag-O bonds with the Ag(111) surface [266]. 

Therefore, when citrate is attached on the surface of nanoparticles it acts as a stabilizer to 

prevent agglomeration. Moreover, the binding energy of Ag-O bond for Ag(111) surface is 

higher than that for Ag(100) surface [266]. This leads to the growth of nanoparticles along 

<111> directions. With the combination of PSS and citrate, anisotropic nanoparticles were 

prepared.  

Ag nanospheres were also synthesized by the reduction of AgNO3 by PEG (Polyethylene 

glycol) under heating [237]. Experimental details by this method are listed in the Appendix I. 

In addition, Ag NPSMs were also produced by the one-step thermal reduction method [239]. 

This is a simplified method but the nanoprism aspect-ratio cannot be easily controlled. 

Experimental details by this method are listed in Appendix II. 

3.2.2. Characterizations of Ag NPSMs 

Figure 3. 1 shows the TEM images of the resulting Ag seeds and Ag NPSMs synthesized using 

different volumes of seed solution, 2000 μL, 1000μL, 650μL and 500μL, respectively. The 

seeds show an average diameter of 3 ~ 4 nm. The nanoparticles prepared by using 2000μL seed 

solution display various shapes. When the volume of seed solution decreases, we obtained 

nanoprisms of increased dimension (characterized by TEM). The Ag NPSMs obtained from 

500μL seed solution have an average edge length of about 20 nm with some spherical Ag 

particles remaining. The average thickness of Ag NPSMs is estimated to be around 5 nm 

(Figure 3. 2).  

http://en.wikipedia.org/wiki/Polyethylene_glycol
http://en.wikipedia.org/wiki/Polyethylene_glycol
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a) Seed                                     b) 2000 μL 

    

c) 1000 μL                                    d) 650 μL 

 

e) 500 μL 

Figure 3. 1 TEM images of Ag NPSMs synthesized from different volumes of seed solution 

100 nm
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Figure 3. 3 shows the XRD diffraction pattern of silver nanoprisms. To apply X-ray diffraction 

on silver nanoprisms, some drops of silver nanoprisms solution were cast on a silicon wafer. 

The instrument Philips X’PERT MPD was used to obtain XRD patterns. As shown in Figure 3. 

3, there are three peaks at around 38°, 44° and 66° (2θ), which are assigned to the (111), (200) 

and (220) reflections of FCC silver (JCPDC card No 04-0783) according to their positions and 

intensities. The strong (111) reflection suggests that metallic silver particles, crystallized in 

FCC structure, were successfully synthesized. 

 

Figure 3. 2 TEM image of Ag NPSMs synthesized from 650 μL seed solution by the same procedure. There are nanoprisms 

standing vertically on their edges by which we measured the thickness to be 4 ~ 5 nm. 

 

Figure 3. 3 XRD pattern of silver nanoprism, showing strong Bragg reflections corresponding to FCC metallic silver 
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Figure 3. 4 Left figure: High resolution TEM image of a flat-lying Ag NPSM. Right figure: High resolution TEM image of Ag NPSMs 

standing on their edges. Insets: the corresponding fast Fourier transform of the image. 

Figure 3. 4 shows the high resolution TEM images of a flat-lying Ag NPSM (left figure) and a 

few Ag NPSMs standing on their edges (right figure). A spacing of 0.235 nm can be measured 

in the right figure of Figure 3. 4 which corresponds to the periodicity of the {111} planes in 

FCC silver. Besides this lattice spacing, the thickness of the Ag NPSMs was measured to be 

abound 5 nm (see Figure 3. 2 and Figure 3. 4). The left figure exhibits a spacing of 0.250 nm 

which can corresponds to the periodicity observed along <111> directions. This spacing has 

been associated with the formation of stacking faults according to previous studies [165]. 

To obtain the basic optical properties of Ag NPSMs, a series of UV-Vis absorbance spectra 

were performed on as-synthesized Ag NPSM solutions (Figure 3. 5). Different batches of Ag 

NPSMs were obtained with the use of different amounts of seed solution during synthesis. 

While the thickness of Ag NPSMs is not sensitive to the amount of seed solution used, their 

final edge lengths increase as the amount of seed solution decreases. All spectra exhibit three 

characteristic absorbance peaks: The first two are located at 340 nm and 400 nm, 

corresponding to the out-of-plane quadrupole and dipole LSPR bands, respectively [233]. 

These two peaks remain unchanged when the edge-length of Ag NPSM increases, suggesting 

unchangeable in thickness. In addition, there are main LSPR absorbance peaks due to in-plane 

dipole resonance [165,233] which is increasingly red-shifted (from 400 nm to 560 nm) as the 

aspect-ratio (between the edge-length and the thickness) increases. These optical properties are 

coherent with those published on similar Ag NPSMs [165,239]. However, the intensity of the 

peak at 400 nm decreases with the increasing red-shifted in-plane LSPR. This decrease could 

be attributed to the decreasing amount of Ag nanospheres (seeds), which have also a peak at 

400 nm [267], in Ag NPSM solutions, as seen in Figure 3. 1. The inset of Figure 3. 5 shows the 

TEM image of a flat-lying Ag NPSM which has an in-plane LSPR band located at 560 nm. 
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Despite some polydispersity existing on their dimensions, the majority of them show an 

edge-length of about 20 nm.  

 

Figure 3. 5 Normalized solution UV-Vis absorbance spectra of Ag NPSMs synthesized from different volumes of seed solution: black 

square- seeds only; red circle- 2 mL; blue up triangle - 1mL; dark cyan down triangle - 650 L; pink left triangle - 500 L.  The use of 

different amount of seed solution leads to different batches of Ag NPSMs of different edge-length/thickness aspect-ratios. Inset: TEM image 

of flat-lying Ag NPSMs which have an in-plane LSPR band at 560 nm. 

In brief summary, we synthesized a series of Ag NPSMs of similar thickness but of different 

edge length. By tuning the aspect-ratio between the edge length and the thickness, these 

different batches of Ag NPSMs exhibit a main in-plane LSPR peak at different wavelength in 

the visible spectrum. 

3.3. Hybrid PEDOT:PSS-Ag NPSM solutions and films 

3.3.1. Preparation of hybrid PEDOT:PSS-Ag NPSM solutions and films 

The Ag NPSM solution (10 mL) was centrifuged at 6,000 rpm for 15 minutes by using 

tetrahydrofuran (THF, about 35 mL) as the non-solvent (the Ag NPSMs have low solubility in 

THF). A pellet of Ag NPSM precipitate was obtained at the bottom of the centrifuge tube and 

the supernatant was removed. The pellets were re-dissolved in 0.5 mL DI water and then mixed 

with 0.5 mL PEDOT:PSS solution (Heraeus CleviosTM P) by ultrasonic bath (40 kHz for 40 

minutes). We then obtained a series of hybrid PEDOT:PSS-Ag NPSM solutions of different 

Ag NPSM concentration: 0.6 mg/mL (with 4 pellets of Ag NPSM precipitate), 1.6 mg/mL (10 

pellets) and 2.6 mg/mL (16 pellets).  

Glass substrates (VWR Microscope slides, 2.5 cm by 2.5 cm) and ITO-coated glass substrates 

(1.2 cm by 0.7 cm, for conductive AFM measurement) were cleaned following the substrate 

cleaning procedures introduced in Section 2.2.2.1. A series of pristine and hybrid PEDOT:PSS 
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thin films with a thickness of about 40 nm was obtained by spin-coating. After spin-coating, all 

films were subsequently annealed inside a N2-filled glovebox at 230 °C for 30 minutes (the 

annealing temperature and duration was the optimization result of Section 4.1.2.1 in Chapter 

IV). 

3.3.2. Characterizations of hybrid PEDOT:PSS films 

To study the optical properties of hybrid Ag NPSM-PEDOT:PSS thin films, their Absorptance 

and Bidirectional Reflectance Distribution Functions (BRDF) were investigated. 

3.3.2.1. Absorptance  

We selected the batch of Ag NPSMs which exhibit a main solution LSPR band at 560 nm and 

we applied these NPSMs to fabricated hybrid Ag-PEDOT:PSS films. NPSM solution of 

different concentrations of 0.6 mg/mL, 1.6 mg/mL and 2.6 mg/mL were respectively used to 

formulate different hybrid films containing different amount of Ag NPSMs. Figure 3. 6 shows 

the Absorptance spectra of these hybrid films. Compared to the solution absorbance spectra 

shown in Figure 3. 5, the thin film Absorptance of Ag NPSMs exhibited significant LSPR band 

broadening and blue-shift which likely originates from NPSM aggregation as well as the 

shortening of edge length due to PSS etching [268,269]. Compared to pristine PEDOT:PSS 

films, there are new absorption bumps in hybrid films in the wavelength range between 450 nm 

and 600 nm which are associated with the addition of Ag NPSMs. This figure also shows that 

the overall Absorptance of hybrid films increases with larger amount of Ag NPSMs used.  

 
Figure 3. 6 Absorption spectra of pure Ag NPSM film, pristine and hybrid PEDOT:PSS films fabricated using different Ag 

NPSM concentrations. The pure Ag NPSM film was prepared using the method reported in the reference [270]. 
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3.3.2.2. Bidirectional Reflectance Distribution Function (BRDF) 

BRDF can describe quantitatively the reflectance behavior of a non-lambertian surface by the 

variation of direction of view. In this work, BRDF is used to study the optical scattering 

properties of hybrid Ag NPSM-PEDOT:PSS thin films. 

Figure 3. 7 shows the difference of BRDF (BRDF) between different hybrid Ag 

NPSM-PEDOT:PSS films and the pristine PEDOT:PSS film in both the in-plane (the incident 

light plane) and the out-of-plane directions. As shown in the in-plane BRDF (left figure of 

Figure 3. 7), at 8° which is the specular reflection direction, the specular reflection dominates 

and the intensity increases with increasing Ag NPSM concentration. Except for the specular 

reflection feature, there is a remarkable resemblance between the in-plane and the out-of-plane 

BRDF for each hybrid film suggesting film uniformity. In low-angle regions such as (-14° to 

3°) and (13° to 30°) for the in-plane configuration and (-20° to 20°) for the out-of-plane 

configuration, due to the constant amount of total incoming light, lower BRDF values are 

observed on samples where more light is reflected or scattered at other angles. For pure Ag 

NPSM films, Ag absorption dominates in this angular region while for hybrid films their 

BRDFs contain the compromise between Ag absorption and scattering. In high angle regions, 

such as (-90° to -14°) and (30° to 90°) for the in-plane configuration and (-90° to -20°) and (20° 

to 90°) for the out-of-plane configuration, the portion of light scattered by Ag NPSMs becomes 

larger and larger as the angle increases and this becomes the dominant feature of the spectra. 

Comparing hybrid films of different NPSM concentrations, the greater the Ag NPSM 

concentration is, the higher the BRDF increasing rate towards high angles. Such increased 

scattering is believed to be beneficial for the light harvesting in organic solar cells.  

 

Figure 3. 7 In-plane (in the incident light plane, named as in-plane) ΔBRDF (left) and out-of-plane (in the plane 

perpendicular to the incident plane) ΔBRDF (right) obtained from hybrid PEDOT:PSS films with various Ag NPSM 

concentrations. 

http://zh.wikipedia.org/zh/%CE%94
http://zh.wikipedia.org/zh/%CE%94
http://zh.wikipedia.org/zh/%CE%94
http://zh.wikipedia.org/zh/%CE%94
http://zh.wikipedia.org/zh/%CE%94
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3.3.2.3. Surface profile and electrical conductivity 

In order to study the surface morphology and electrical properties, we performed AFM and 

conductive AFM characterizations (CSI Nano-Observer AFM with Resiscope II electrical 

module) and four-point-probe resistance measurements on hybrid PEDOT:PSS films 

containing different Ag NPSM concentrations. 

AFM height images (Figure 3. 8) show increased film roughness associated with the increased 

Ag NPSM concentration in PEDOT:PSS. On these images there are visible bright spots of 

various dimensions corresponding to individual Ag NPSM and agglomerates of multiple 

NPSMs. The formation of agglomerates is difficult to prevent in the method we used to 

produce these hybrid films [221]. Such nanoparticle agglomeration leads to areas of larger 

heights compared to the average thickness of the film and increased film roughness.  

On the same sample region we also performed C-AFM characterizations (Figure 3. 8). For each 

hybrid film the bright spots appeared in AFM correspond well to regions of low local 

resistance observed in C-AFM. The observed local resistance reduction is believed to originate 

from the metallic nature of Ag NPSMs and their agglomerates or from regions where Ag 

NPSMs forming chemical bonds with the sulfur atoms of PEDOT:PSS [196]. Such bonding 

formation can lead to a replacement of the insulating PSS by Ag NPSMs and thus reduce the 

local resistance [196]. Except for these local low-resistance regions, increased global 

resistance is however observed when the concentration of NPSM increases in other regions 

possibly corresponding to the organic matrix. As a result, the overall film resistance becomes 

higher and higher as the amount of NPSM increases.  

This is consistent with our sheet resistance measurements on these pristine and hybrid films by 

the 4-point-probe technique (Figure 3. 9): the sheet resistance of hybrid PEDOT:PSS films 

increases with increasing Ag NPSM concentration. This may originate from the insulating PSS 

polymers contained in Ag NPSM solutions since excess amount of PSS was used as stabilizers 

during the synthesis. Indeed, upon increasing the number of post-synthesis NPSM purification 

which involves particle precipitation and their re-dissolution in DI-water to eliminate excess 

organic stabilizers, we observed a significant decrease of sheet resistance in the hybrid films 

for a fixed concentration of Ag NPSMs to a resistance value comparable to pristine 

PEDOT:PSS films (Figure 3. 9).  
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Figure 3. 8 AFM height images (a, c, d, e) and C-AFM resistance signal images (b, d, f, h) for different Ag NPSM 

concentrations in PEDOT:PSS: (a, b) 0 mg/mL; (c, d) 0.6 mg/mL; (e, f) 1.6 mg/mL; and (g, h) 2.6 mg/mL. All images have a 

lateral scale of 2 by 2 microns. 

The possibility of reducing the global sheet resistance of hybrid Ag NPSM-PEDOT:PSS films 

through nanoparticle purification is important for their applications in organic solar cells 

because high sheet resistance of the hybrid layer can lead to high series resistance and poor 

fill-factor of the solar cell. Besides post-synthesis purification, it is also possible to use organic 

solvent additives [271,272] to reduce the sheet resistance of the hybrid films. In this second 

approach the addition of a small volume percentage of organic solvent additives such as 
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dimethyl sulfoxide, ethylene glycol, and glycerol was found highly effective in reducing the 

resistance of PEDOT:PSS films possibly through inducing a conformational change of the 

PEDOT chains [86,273]. In this work 5 % (v/v) of glycerol was added into the hybrid Ag 

NPSM-PEDOT:PSS solution before fabricating hybrid thin films by spin-coating. The use of 

glycerol additive led to a dramatic reduction of sheet resistance (Figure 3. 9, blue triangle, 

corresponding to 0.06 MOhm/sq) to a value even smaller than those observed in pristine 

PEDOT:PSS films. These results show that there are multiple approaches available, such as 

nanoparticle purification and organic solvent additives, to partially or completely remove the 

disadvantage of increased sheet resistance observed in hybrid Ag NPSM-PEDOT:PSS films 

compared to pristine PEDOT:PSS films.  

 

Figure 3. 9 Sheet resistance of hybrid Ag NPSM-PEDOT:PSS films as a function of Ag NPSM concentration. 

3.4. Conclusions 

The structural, optical and electrical properties of hybrid PEDOT:PSS thin films doped with 

different amounts of Ag NPSMs are investigated by various characterization techniques 

including transmission electron microscopy, regular and conductive atomic force microscopy, 

optical absorption, goniophotometry, and four-point probe resistance measurement.  

The addition of Ag NPSMs has a strong effect on the optical properties of the PEDOT:PSS 

films: (1) Increased optical absorption was found as the amount of Ag NPSM increased; and (2) 

more light is scattered in high angles associated with the addition of Ag NPSMs. The increased 

light scattering in hybrid films can possibly lead to more efficient light harvest in organic solar 

cells.  
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The addition of Ag NPSMs also modified the structural and electrical properties of the 

PEDOT:PSS films: (1) Increased surface roughness was observed upon adding of Ag NPSMs 

which is likely due to the formation of Ag agglomerates; and (2) the global sheet resistance of 

the hybrid films was found to increase as the concentration of Ag nanoprism increases, despite 

the formation of local low resistance regions from Ag NPSMs. While the increased surface 

roughness in hybrid films can be potentially improved by future advances on colloidal surface 

chemistry, we showed that the sheet resistance in hybrid films can be reduced to a resistance 

value comparable to or lower than those in pristine films by either increasing the extent of 

NPSM post-synthesis purification or applying organic solvent additives. 
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Chapter IV  

Plasmonic organic solar cells using silver 

nanoprisms 

This chapter presents the optimization of regular P3HT:PCBM bulk heterojunction solar cells 

and the studies of organic solar cells with silver nanoprisms incorporated into the PEDOT:PSS 

layer of regular P3HT:PCBM bulk heterojunction solar cells. 

4.1. Optimization of regular P3HT:PCBM solar cells 

4.1.1. Introduction  

As described in chapter I, there are many factors affecting the final performance of bulk 

heterojunction (BHJ) organic solar cells (OSCs). However, the device performance of OSCs is 

predominantly affected by the choice of the photo-absorbing materials, the thickness and 

morphology of active layer, electrode materials and the quality of their contact with polymer.  

In this section, we studied the effects of thermal annealing, solvent addtives on the properties 

of PEDOT:PSS films and the resulting solar cell characteristics, as well as the effects of the 

controlling of nanoscale morphology of photoactive layer on the solar cell characteristics.  

4.1.2. Optimization of PEDOT:PSS layer 

Since the pristine Clevios™ P – Heraeus PEDOT:PSS used in this work has the maximum 

conductivity of ~ 1 S/cm [72] which is very low, techniques such as post-deposition thermal 

annealing and adding high boiling solvents (in our case, glycerol) were applied to improve the 

conductivity of PEDOT:PSS films.  

4.1.2.1. Thermal annealing of PEDOT:PSS films  

Post-deposition thermal annealing at appropriate temperature can enhance the conductivity of 

PEDOT:PSS film by modifying its morphology, since the carrier (hole polarons) transport in 

PEDOT:PSS is determined by its nano-morphology [56,58,274]. 

1) Sheet resistance of thermal-annealed PEDOT:PSS films 
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Figure 4. 1 shows the effects of thermal annealing on the sheet resistance of the PEDOT:PSS 

films which were thermally annealed for 30 minutes at 150 °C, 200 °C, 230 °C, 240 °C, 250 °C, 

respectively. As shown in the figure, the sheet resistance decreases dramatically with 

increasing annealing temperature from 150 °C to 230 °C. This is probably due to the 

evaporation of water upon annealing [74]. The decrease of the interparticle water content can 

reduce the hopping barrier of charge transport. Moreover, upon increasing the annealing 

temperature, the size of PEDOT-rich grains increase by a coalescence of PEDOT:PSS particles. 

Such an increase lead to a higher degree of crystallinity and also a reduction of hopping barriers 

and thus an increase in conductivity [275]. Vitoratos, et al.  [58] reported that the PSS could be 

slightly reduced by thermal annealing leading to a lower charge transport barrier. The 

above-mentioned factors offer possible explanations for the observed sheet resistance 

reduction of PEDOT:PSS films upon annealing.  

When the annealing temperature was increased to 250 °C, the sheet resistance of PEDOT:PSS 

films did not show a significant reduction (Figure 4. 1). While increasing the annealing 

temperature, a lower conductivity may be obtained, since over 250 °C, the over-oxidation and 

degradation of PEDOT:PSS by the loss of the sulfuric acid groups from PSS could happen 

during thermal annealing at 250 °C [74,276].  

General speaking, the dependence of conductivity of PEDOT:PSS films on thermal annealing 

temperature could possibly be explained by a competition between the enhanced 

crystallization and the onset of the material degradation [274]. The thermal annealing could 

evaporate the residue water, increase the crystallinity of PEDOT, and improve the size and 

connectivity of PEDOT-rich grains, thus could lower the number and/or height of the hole 

transport barriers, leading to high conductivity in PEDOT:PSS films [274]. But in other hand, 

the doped PEDOT could continuously degrade when the annealing temperature is over 

150 °C [277]. So increasing the annealing temperature, this degradation could become severe. 

If the annealing temperature is over 250 °C, the degradation of PEDOT:PSS will become 

apparent (maybe due to degradation of PSS [74,276]) and leading to an decrease in 

conductivity [74,274,276,278]. In addition, thermal degradation of PEDOT:PSS can also 

reduce the size of PEDOT grains and consequently enhance their distance leading to an 

equivalently increasing potential barrier for carrier transport [58].  

In this thesis, we found that an annealing temperature in the range of 230 °C and 250 °C led to 

PEDOT:PSS films of relatively low sheet resistance.  
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The optical transmittance of annealed PEDOT:PSS films at different temperatures was also 

investigated in this thesis (Figure 4. 2). With increasing annealing temperature from 150 °C to 

230 °C, the optical transmittance was found to increase, suggesting a probable reduction of the 

surface roughness of PEDOT:PSS films or a reduction of material mass. This is likely due to 

the thermal degradation of PEDOT:PSS [274,278] and the resultant reduction of PEDOT grain 

size [58]. Our result is coherent with the results previously observed by AFM 

measurement [278]. Despite some variations exist on the optical transmittance of PEDOT:PSS 

by different annealing temperatures, the transmittance can be typically maintained between 80% 

and 85% allowing a high transparency for their application in OSCs. 

 

Figure 4. 1 Sheet resistance of PEDOT:PSS films as a function of annealing temperature 

 

Figure 4. 2 Transmittance as s function of PEDOT:PSS Annealing Temperature 

2) Photovoltaic characteristics of OSCs using thermal-annealed PEDOT:PSS films 

Figure 4. 3 shows the current density-voltage (J-V) characteristics and Figure 4. 4 displays the 

effects of various thermal annealing temperatures of PEDOT:PSS films on the different 
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photovoltaic parameters including power conversion efficiency (PCE), JSC, VOC, and FF in 

P3HT:PCBM OSCs. Note that the Rs and Rsh were derived by taking the inverse slopes of the 

J-V curve obtained under AM 1.5 simulated illumination. 

 
Figure 4. 3 Photovoltaic J-V curves measured from OSCs using PEDOT:PSS films annealed at different 

temperatures under illumination 

As shown in the Figure 4. 3, these J-V curves exhibit a characteristic “S-shape”. Such an 

“S-shape” indicates that the devices are limited by space-charge effects, high series 

resistance [46] or a contact-driven process [15]. Typically, Rs is in the scale of 10
0
 ~ 10

1
 ohms 

in polymer-fullerene solar cell. As shown in Figure 4. 4 (e), Rs is in the scale of a few hundreds 

of ohms (Rs/Rsh > 0.38) which leads to a low FF (maximum at around 30 %, Figure 4. 4). Such 

high Rs value possibly originated from the non-optimal active layer morphology or the surface 

defects (e.g., contaminants) induced by the non-optimized fabrication conditions. Note that in 

this thesis, the top contacts (Al electrodes) were thermally deposited by a thermal evaporator 

outside the glovebox. Before this evaporation the devices need to be transferred outside the 

glovebox in order to be loaded in this evaporator. As the devices under study were fabricated 

under identical conditions, despite the non-optimized fabrication process, we can still study the 

thermal annealing effects of PEDOT:PSS films on these devices.  

As seen from Figure 4. 4 (e), Rsh showed a peak value at 230 °C. This suggests minimum 

recombination in the active layer and near the electrodes, possibly owning to the smooth 

PEDOT:PSS surface formed by at this annealing temperature.  
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Figure 4. 4 Power conversion efficiency (PCE), JSC, VOC, FF and sheet resistances as a function of different 

PEDOT:PSS annealing temperatures in P3HT:PCBM BHJ solar cells. 

With regards to Jsc: Jsc exhibits a peak value when the annealing temperature reaches 230 °C. 

This peak value can possibly be attributed to the slightly higher optical transmission. When the 

annealing temperature further increased over 230 °C, the PEDOT:PSS degradation appears 

which results in a reduction of its conductivity [279] and a decreased Jsc. With regards to Voc, 

in principle, the Voc is determined by energy level mismatch of the donor and acceptor 

materials. Practically, this can be affected by the experimental conditions of the active layer 

such as the D/A ratio, thickness and morphology (see Section 1.4.3.2.2 for more details). 

Other factors including the interfaces between the active layer and the electrodes, the blend 

morpholgy in the immediate vicinity of the electrodes [280], the chemical structure, surface 

energy, and the roughness of the PEDOT:PSS surface [74], can also play an important role in 

modifiying the Voc in devices. In our experiments, the Voc is rather small compared to the 

maximum value (> 0.5 V) achieved in the literature with similar active layer [281,282]. The 

small Voc achieved in this study may come from the non-optimal active layer conditions and the 

poor contact between the active layer and the electrodes [126]. Nevertheless, as samples were 

fabricated under identical condition, these devices can enable us to study the thermal annealing 

effect of PEDOT:PSS in OSCs. Probably due to the increased shunt resistance, highest Voc was 
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obtained at 230 °C. When the annealing temperature was increased further, Voc in these devices 

start to drop possibly due to PEDOT:PSS degradations [74].  

We have characterized the external quantum efficiency (EQE) of these devices (Figure 4. 5). 

Overall it shows a similar trend as Jsc, a peak EQE was found when the annealing temperature 

was set at 230 °C.  

 
Figure 4. 5 EQE versus the PEDOT:PSS annealing temperature 

In summary, we found that the optimal annealing temperature of PEDOT:PSS film to be 

230 °C. This temperature was used in all subsequent studies unless stated otherwise.  

4.1.2.2. Glycerol modified PEDOT:PSS 

As mentioned above, the devices fabricated using the optimal annealing temperature of 

PEDOT:PSS still showed an overall high series resistance. To improve the device performance 

we sought methods to lower the sheet resistance of PEDOT:PSS films. From the literature the 

addition of high boiling solvents (e.g., glycerol, sorbitol) [75–77] with multiple polar groups 

into PEDOT:PSS has been reported to be an effective way. Inspired from the literature we 

experimented the addition of glycerol to enhance the conductivity of PEDOT:PSS films. 

Different volume percentages including 2.5%, 5.0%, 7.5% and 10.0% of glycerol were added 

into the PEDOT:PSS solution, respectively. The resulting conductivities of PEDOT:PSS films 

are shown in Figure 4. 6. Our pristine PEDOT:PSS sample exhibited only a very small 

condutivity, in the order of 10
-3

 S/cm. Upon adding 7.5 vol% glycerol, the conducctivity is 

dramtically enhanced to around 108 S/cm.While we do not expect the transparency of 

PEDOT:PSS films doped with glycerol to change significantly [283], the surface morphology 

of the doped PEDOT:PSS films appears to become “swollen” with aggregated features [284]. 
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The effective reduction of resistance in doped PEDOT:PSS films has been attributed to either 

the plasticizer effect, PSS reduction in the surface content, or a conformational change of the 

PEDOT chains [86,273,285].  

 

Figure 4. 6 Conductivity of glycerol modified PEDOT:PSS as a function of glycrol volume ratio 

 
Figure 4. 7 Current density (J)-voltage (V) curves of organic solar cells using glycerol doped and non-doped PEDOT:PSS 

films 

The combination of the significantly enhanced conductivity and the maintained transparency in 

glycerol modified PEDOT:PSS allows it to be a good choice for OSCs. In this thesis, a batch of 

OSCs using glycerol doped PEDOT:PSS films (denoted as G-OSCs) was fabricated to study 

the effect of doping. Figure 4. 7 shows the J-V characteristics of two OSCs using glycerol 

doped and non-doped PEDOT:PSS films. As shown in this figure, upon adding 7.5 vol% of 

glycerol into the PEDOT:PSS, the Jsc was significantly enhanced. We attribute this Jsc increase 

to the reduction of the series resistance by doping glycerol in PEDOT:PSS films. 

4.1.3. Optimization of photoactive layer 

In bulk heterojunction (BHJ) polymer-fullerene solar cells, the device performance is 

significantly related to the nanoscale morphology of the active layer. Among different 
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parameters that could affect the nanoscale morphology (see details in Section 1.3.2.3), the 

starting chemicals, the D/A ratio and their solution concentration, the type of solvent, and the 

film deposition method were kept as fixed parameters. The parameters that we optimized 

include the thermal annealing temperature, the film growth rate (effect of solvent annealing) 

and crystallinity of P3HT in photoactive blend solution (effect of hexane). 

Post-deposition thermal annealing is believed to be a simple but effective technique to control 

the nanoscale morphology of active layer in BHJ polymer-fullerene solar cells [99,104,286]. 

Heat treatment at an appropriate temperature with a proper duration can activate the 

polymer/fullerene materials and help moderate phase separation. It has been reported that the 

increase of P3HT crystallinity and the PCBM domain size in the active layer can enhance the 

charge mobility [104,286–289] and light absorption [286]. In fact, upon thermal annealing, the 

side chains of P3HT become mobile and the self-organization of P3HT can occur leading to a 

higher degree of crystallinity with a closer intermolecular π-stacking in a lamella fashion 

(Figure 1. 20) [93]. The improved close intermolecular π-stacking (crystallinity) increases the 

hole mobility and reduces the charge recombination [99] leading to the overall better device 

performance. In addition, post-deposition thermal annealing can enhance the device 

performance also due to the removal of residue solvent [289]. However, an annealing 

temperature too high (> 150 °C) [290] or prolonged thermal annealing [291] could lead to a 

macro-phase segregation of P3HT and PCBM crystallized domains. The size of these crystals 

can reach the range of microns [109,290]. This is not favorable for charge generation, 

separation, and transport [291] and thus deteriorates the device performance. Consequently, 

there should be an optimum annealing temperature and duration for polymer-fullerene solar 

cells [111]. 

The nanoscale morphology of photoactive layer can be also controlled by solvent annealing 

through varying the solvent-removal speed (i.e., film growth rate) [99]. In principle, the 

packing of polymer chains is strongly influenced by the processing solvent evaporation rate. 

Indeed, a less volatile processing solvent has a longer drying time and thus a longer deposition 

time. This means that the thin film takes more time to self-organize leading to larger crystalline 

PCBM and P3HT domains [292,293]. As a result, the use of high-boiling-point solvent and 

annealing improves the molecular ordering. On the contrary, the use of low-boiling-point 

solvents will not only lead to a reduction of P3HT crystallinity [293,294] but also an increase 

in the interlayer distance (b-axis orientation, see Figure 1. 20 in Section 1.3.1.1.1) [294] 

resulting in a higher hopping barrier and thus a lower charge mobility. Following similar 
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principles the use of solvent additives can improve the morphology of the photoactive layer. It 

has been demonstrated that, adding a certain amount of “unfriendly” or poor solvent (e.g., 

n-hexane) in the solution of the organic blend could lead to the formation of strong aggregation 

of the polymer and hence obtain higher polymer crystallinity [295–300]. 

4.1.3.1. Thermal annealing 

We tested different post-deposition annealing temperatures (devices annealed after electrode 

deposition): 130 °C, 140 °C, 150 °C, 160 °C and 170 °C, all for 10 minutes. Figure 4. 8 shows 

the resulting J-V curves of the devices obtained under illumination and Figure 4. 9 displays the 

PCE, Jsc, Voc, FF, Rs and Rsh as a function of different annealing temperature for the active 

layers. The Rs and Rsh were also derived by taking the inverse slopes of the J-V curve obtained 

under AM 1.5 simulated illumination. 

 

Figure 4. 8 Photovoltaic J-V curves of OSCs with active layer annealed at different temperatures, the curves were obtained 

under illumination 

It has been reported that, upon thermal annealing of photoactive layer, the Jsc will increase 

significantly because of the enhancement of hole mobility [287,288]. But as shown in Figure 4. 

8 and Figure 4. 9 (a), the Jsc in this study was not improved dramatically. Note that the J-V 

curves exhibit “S-shapes” resulting from high series resistance [301] or contact-driven 

process [129]. The extracted Rs values are quite large (over 400 Ohms, Rs/Rsh > 0.27, Figure 4. 

9 (e)), thus leading to a low FF (Figure 4. 9 (c)) in these devices. Among these devices we 

found a maximum Jsc corresponding to an annealing temperature of 150 °C. Annealing at 

higher temperatures causes a deterioration of Jsc but an increase in Voc. The reduced Jsc can be 

attributed to the increased phase separation of the components [109,290]. The phase separation 

starts when the annealing temperature reaches the glass transition temperature (~ 110 °C [302]) 

of the blend and PCBM domains are over-grown when the temperature is higher than 
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150 °C [290]. Larger phase separation results in a reduction of charge mobility [291] or a 

deterioration between the active layer and the contact electrodes [110,302]. 

 

Figure 4. 9 PCE, JSC, VOC, FF and Rs, Rsh as a function of active layer annealing temperature 

So in general, concerning the results in literature (best annealing temperature 140 °C 

~150 °C [302,303]), 150 °C was the chosen to be the annealing temperature for P3HT:PCBM 

layer in the following studies in this thesis. 

4.1.3.2. Solvent annealing and additive for photoactive layer  

We also studied the effects of solvent annealing and additive (hexane) on the device 

performance of OSCs. The experimental conditions for this section are listed in 2.2.2.4.2.  

Figure 4. 10 shows the photovoltaic J-V curves of the resulting devices. For the "control 

sample" (sample no. 1), there is an “S-shape” in the J-V curve indicating high series resistance 

(Rs/Rsh = 0.4, Table 4. 1) and resulting a low FF (32%). By comparison, for devices fabricated 

using solvent annealing or both solvent annealing and additive, the Jsc is dramatically increased 

reaching 9.87 mA/cm
2
 and 8.58 mA/cm

2
, respectively. This can be explained by the reduction 

of series resistance (Table 4. 1 and Figure 4. 11) resulted from the higher crystallinity and 
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optimized nano-morphology in photoactive layer. We achieved a slightly lower Jsc in devices 

fabricated by adding a small amount of hexane into the photoactive blend solution than devices 

using solvent annealing only. This is probably due to the addition of hexane together with 

solvent annealing lead to overgrown P3HT crystallites. 

With regards to Rsh, compared to the control device it significantly increases in devices using 

solvent annealing or adding hexane reaching from 1614 ohms to 7981 ohms (Rs/Rsh = 0.04) 

and 7903 ohms (Rs/Rsh = 0.03), respectively (Table 4. 1). This can be also attributed to the 

higher crystallinity and optimized nano-morphology. The increase in Rsh may be one of the 

causes leading to the enhanced Voc. 

 

Figure 4. 10 Current density – voltage curves versus solvent annealing and additive. Sample no.1 is the control OSC that was 

applied only thermal annealing, no.2-slovetn annealing and subsequently thermal annealing, no.3-addtition of hexane, then 

solvent annealing subsequently thermal annealing 

Sample no. JSC (mA/cm
2
) VOC (V) FF (%) PCE (%) Rs (Ohm) Rsh (Ohm) 

1 5.25 0.23 32 0.38 669 1614 

2 9.87 0.50 51 2.50 309 7981 

3 8.58 0.59 55 2.77 232 7903 

Table 4. 1 Device Parameters of the resulting solar cells present in Figure 4. 10 

The EQE of these OSCs were shown in Figure 4. 12. The EQE curve of the control sample has 

a broad peak at ~ 465 nm and a small shoulder at ~ 600 nm. The broad peak at 465 nm is 

induced by the isolated P3HT chains [304]. Such P3HT chains adopt a flexible coil 

configuration and are in solution-like state, indicating a very low P3HT crystallinity. The 

shoulder at ~ 600 nm with a very low intensity shows that there is a small amount of P3HT 

crystallites formed in the photoactive film. Upon solvent annealing or adding hexane followed 
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by solvent annealing, the shoulders at ~ 600 nm are much more pronounced, indicating a higher 

degree of ordering of P3HT [305]. These EQE results further demonstrate that the solvent 

annealing or the addition of hexane together with solvent annealing can improve the P3HT 

crystallinity.  

 

Figure 4. 11 Resistances as a function of fabrication process of active layer. Sample no.1 is the control OSC that was applied 

only thermal annealing, no.2-slovetn annealing and subsequently thermal annealing, no.3-addtition of hexane, then solvent 

annealing subsequently thermal annealing  

Compared to the control device, devices with solvent annealing or the addition of hexane show 

an improved EQE at the short wavelength range approaching 400 nm, which corresponds to the 

wavelength range of PCBM absorption. This is possibly due to the fact that the solvent 

annealing or additive can form more continuous and favorable vertical pathways for electrons 

to cathode and thus making PCBM a larger contribution in light absorption and EQE than that 

in the control sample.  

 

Figure 4. 12 EQE as a function of fabrication process of active layer 

In summary, the photovoltaic performance was improved by solvent annealing or an addition 

of hexane accompanied with thermal annealing, leading to a PCE enhancement from 0.38% to 

2.77%. 
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Practically, it is complicated to control the addition speed of hexane. When the addition is too 

fast, P3HT maybe precipitated from the solution [296], leading to deterioration of PCE in 

OSCs. Therefore, in the following part of this thesis we only apply solvent annealing together 

thermal annealing to fabricate plasmonic solar cells with silver nanoprisms. 

4.2. Studies of plasmonic solar cells composing silver nanoprisms in PEDOT:PSS 

4.2.1. Introduction 

The incorporation of metallic nanoparticles (MNPs) in organic solar cells can enhance the light 

absorption in active layer by increasing the effective optical path length [109,110,120], by the 

coupling with the strong near field of MNPs induced by localized surface plasmon 

resonance [110,120,121], or even by enhancing the exciton dissociation [121]. 

In order to explore the potential benefits from light scattering and the localized surface 

plasmon resonance effects in organic solar cells, we experimented the incorporation of Ag 

nanoprisms (NPSMs) in the PEDOT:PSS layer of P3HT/PCBM bulk heterojunction solar cells. 

This section presents the results obtained from these solar cells. 

4.2.2. plasmonic solar cells composing silver nanoprisms in PEDOT:PSS 

4.2.2.1. Introduction   

To study the effects of Ag NPSMs on the device performance of OSCs, a control OSC 

without Ag NPSMs and 3 plasmonic OSCs with different amount of Ag NPSMs in 

PEDOT:PSS layer were fabricated (see more details in Section 2.2.2.5).  

4.2.2.2. Characterization and discussion  

Figure 4. 13 displays the photovoltaic J-V characteristics under simulated AM 1.5 illumination 

of the OSCs using pristine PEDOT:PSS and PEDOT:PSS with different amounts of Ag 

NPSMs incorporated. The control sample exhibits a Voc of 0.50 V, a Jsc of 9.87 mA/cm
2
, and a 

FF of 50.6%, leading to a PCE of 2.50% (Table 4. 2), as presented in Section 4.1.3.2. Upon 

adding Ag NPSMs, the Voc decreases, from 0.50 to 0.46 V (Table 4. 2 and Figure 4. 14 (b)), 

probably due to the modified PEDOT:PSS/photoactive layer interface by Ag NPSMs. 

Similarly, the Jsc monotonically declines, from 9.87 mA/cm
2 

to 8.58 mA/cm
2
 as the 

concentration of Ag NPSMs increases from zero to 2.6 mg/mL in PEDOT:PSS solution 

(Figure 4. 14 (a) and Table 4. 2). This indicates that reduced amount of charge carriers were 

able to be collected into the external circuit, possibly due to the increased series resistance 
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and/or more recombination losses within the plasmonic OSCs. The FFs also decreases upon 

adding Ag NPSMs comparing to that of control OSC (Figure 4. 14 (c) and Table 4. 2). As a 

result, there is a slight decline in PCE from 2.50 % to 1.93 % as the concentration of Ag 

NPSMs increases from zero to 2.6 mg/mL in PEDOT:PSS solution (Figure 4. 14 (d) and Table 

4. 2).  

 

Figure 4. 13 J-V curves of the OSCs using pristine PEDOT:PSS and using different amount of Ag NPSMs in PEDOT:PSS 

Figure 4. 15 shows the J-V characteristic curves of the control OSC and the different plasmonic 

OSCs under dark condition. Among all these devices, the shunt resistance of the plasmonic 

OSC using 2.6 mg/mL in PEDOT:PSS is much lower than those from other OSCs. The lower 

shunt resistance indicates more shunt pathways for charge carriers. It is possible that, with a 

high concentration of Ag NPSMs in the PEDOT:PSS layer, the PEDOT:PSS/photoactive layer 

interface may have more defects leading to increased recombination at this interface. Besides 

the shunt resistance, as seen in Figure 4. 15, the series resistance of the control OSC is smaller 

than that of OSCs but close to them. This is consistent with the series resistance results 

obtained from J-V curves under illumination at Voc, as seen in Table 4. 2, although the series 

resistances of all the plasmonic OSCs are slightly higher than that of the control OSC. 

To study how the addition of Ag NPSMs influences the structural and optical properties of the 

PEDOT:PSS films, we performed characterizations including optical absorption, 

goniophotometry, AFM, C-AFM and 4-point probe measurements. These results have been 

presented in Section 3.3.2.  
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Figure 4. 14 Plots of Jsc, Voc, FF and PCE as a function of Ag NPSMs concentration in PEDOT:PSS films of OSCs 

Ag NP concentration 

(mg/ml) 

Voc (V) Jsc (mA/cm
2
) FF (%) PCE (%) Rs (Ohm) 

0 0.500 9.87 50.6 2.50 307 

0.6 0.494 9.21 46.8 2.13 346 

1.6 0.456 9.10 48.2 2.00 374 

2.6 0.459 8.58 49.1 1.93 337 

Table 4. 2 Photovoltaic parameters of control OSC and OSCs using Ag NPSMs. Note that the series resistances were derived 

from reverse slope of J-V curves under illumination at Voc. 

 

Figure 4. 15 Dark J-V characteristic curves of the OSCs using pristine PEDOT:PSS and using different amount of Ag 

NPSMs in PEDOT:PSS. J is in log10 scale. 
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These results partly explain the decrease of Jsc and Voc in these plasmonic OSCs: first, the 

addition of Ag NPSMs leads to an increased optical absorption and more scattered light in high 

angles in the PEDOT:PSS films (Figure 3. 6 and Figure 3. 7). 

 
Figure 3.6 Absorption spectra of pure Ag NPSM film, pristine and hybrid PEDOT:PSS films fabricated using different Ag 

NPSM concentrations. The pure Ag NPSM film was prepared using the method reported in the reference [270]. 

 

Figure 3.7 In-plane (in the incident light plane, named as in-plane) ΔBRDF (left) and out-of-plane (in the plane 

perpendicular to the incident plane) ΔBRDF (right) obtained from hybrid PEDOT:PSS films with various Ag NPSM 

concentrations. 

Second, the addition of Ag NPSMs has negative effects on the structural and electrical 

properties of the PEDOT:PSS films: Increased surface roughness (Figure 4. 17) was observed 

upon the addition of Ag NPSMs which is likely due to the formation of Ag agglomerates; The 

global sheet resistance of the hybrid films was found to increase as the concentration of Ag 

nanoprism increases (Figure 3. 8), despite the formation of local low resistance regions from 

Ag NPSMs. 
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Figure 4. 16 AFM height images for different Ag NPSM concentrations in PEDOT:PSS: (a) 0 mg/mL; (b) 0.6 mg/mL; (c) 

1.6 mg/mL; and (d) 2.6 mg/mL. All images have a lateral scale of 2 by 2 microns. 

 

Figure 4. 17 Corresponding root mean square roughness in Figure 4. 16 as a function of Ag NPSM concentration in 

PEDOT:PSS films: 0.649 nm, 1.9 nm, 2.06 nm and 3.28 nm for Figure 4. 16 (a), (b), (c) and (d), respectively. 
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Figure 3.8 AFM height images (a, c, d, e) and C-AFM resistance signal images (b, d, f, h) for different Ag NPSM 

concentrations in PEDOT:PSS: (a, b) 0 mg/mL; (c, d) 0.6 mg/mL; (e, f) 1.6 mg/mL; and (g, h) 2.6 mg/mL. All images have a 

lateral scale of 2 by 2 microns.  

With regards to Jsc: (1) it has been reported that the increased surface roughness (Figure 4. 17) 

or increased interfacial area of PEDOT:PSS can provide a larger area for more efficient charge 

collection [306,307] leading to an increase of Jsc. (2) The hybrid PEDOT:PSS films have both 

large Ag agglomerates with a maximum dimension of 300 nm (Figure 4. 16 (c) and (d)) and 

relatively smaller agglomerates with dimension less than 40 nm (Figure 4. 16 (b)). All 

agglomerates that are larger than 40 nm (the thickness of the PEDOT:PSS films) may penetrate 

through the whole film and inserted into the photoactive layer. This may lead to an enhanced 

recombination at the NPSM surfaces [308,309] and a decrease of shunt resistance and Jsc. (3) It 

has been reported that the metallic nanoparticles (MNPs) in PEDOT:PSS film can slightly 
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reduce the film resistance and thus contribute to the increase of Jsc [196,307], since charge 

carriers can transport through the highly conductive MNP rather than through PEDOT:PSS. 

This may explain the decreased series resistance of plasmonic OSCs with increasing Ag 

NPSMs concentration. However, as stated above, the series resistances of all plasmonic OSCs 

are slightly higher than that of the control OSC. This is contradictory to the previous result 

incorporating MNPs into PEDOT:PSS [196,307]. We believe that the slightly increased series 

resistance in our plasmonic OSCs may originate from the insulating PSS polymers contained in 

the Ag NPSM solutions since PSS was used as stabilizer and agent that plays an importance in 

the direction-selective growth during the synthesis (see details in Section 3.2.1). Confirming 

this belief, we observed a significant decrease of sheet resistance in the hybrid films for a fixed 

concentration of Ag NPSMs to a resistance value comparable to pristine PEDOT:PSS films 

(Figure 3. 9 in Section 3.3.2.3) after increasing the number of post-synthesis NPSM 

purification. Such purification involves particle precipitation and their re-dissolution in clean 

DI-water to eliminate excess organic stabilizers.  

 

Figure 3.9 Sheet resistance of hybrid Ag NPSM-PEDOT:PSS films as a function of Ag NPSM concentration. 

For Voc, the shunt resistance may be reduced through an enhancement of recombination at the 

Ag agglomerates which leads to a decrease of Voc. The resultant higher leakage current density 

in the experimental devices leads to a relatively small Voc (< 0.5 V) [310]. Moreover, the 

addition of Ag NPSMs into PEDOT:PSS has been reported to lead to a formation of bonds 

between Ag NPSMs and the sulfur atom of PEDOT [311] suppressing the electrostatic 

interaction between PEDOT and PSS and leading to a significant segregation of PEDOT from 

the PSS. As a result, this effect leads to a smaller PEDOT:PSS work function [312]. These 

reported mechanisms explain why the Voc is reduced in our plasmonic solar cells.  
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EQE of the control and plasmonic OSCs were measured and shown in Figure 4. 18. Consistent 

with the trend in Jsc, the EQE declines as the Ag NPSMs concentration in PEDOT:PSS 

increases. 

 

Figure 4. 18 EQE as a function of Ag NPSMs in OSCs 

In brief summary, the deterioration of device performance of plasmonic OSCs is possibly due 

to (1) the Ag NPSMs agglomerates at the PEDOT:PSS/photoactive layer interface which act as 

recombination centers. This leads to a reduction of shunt resistance, Jsc and Voc; (2) the excess 

PSS in Ag NPSMs leads to the observed higher series resistance and also a decrease in Jsc. 

From the results obtained in this section we found that, not only enhanced optical properties 

due to LSPR, the structural and electrical properties of the hybrid PEDOT:PSS-Ag NPSM 

films are also important parameters determining the final device performance. In some cases 

trade-off exists between the enhancement of light absorption due to Ag NPSMs and the 

negative structural/electrical properties of hybrid films.  

4.2.3. Plasmonic OSCs composing Ag NPSMs and glycerol in PEDOT:PSS layer 

4.2.3.1. Introduction  

In this part, we used the glycerol, an solvent additive, to dramatically reduce the sheet 

resistance of hybrid Ag-NPSM-PEDOT:PSS films [313–316] and we study the solar cell 

performance of the resulting plasmonic OSCs. A control OSC using pristine PEDOT:PSS and 

two plasmonic OSCs using Ag NPSMs and glycerol in PEDOT:PSS layers were fabricated. 

The Ag NPSM concentrations were fixed to be 0.6 mg/mL and the glycerol concentrations 

were 1.0 vol% and 2.0 vol%, respectively (see details in Section 2.2.2.6). 
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4.2.3.2. Characterization and discussion  

The resulting sheet resistance of the glycerol-modified hybrid PEDOT:PSS-Ag NPSM films is 

shown in Figure 4. 19. The addition of a small amount of glycerol remarkably reduces the sheet 

resistance of the hybrid films. 

 

Figure 4. 19 Sheet resistance as a function of glycerol concentration in hybrid PEDOT:PSS-Ag NPSM films 

Figure 4. 20 shows the photovoltaic J-V curves of the control and the glycerol-modified 

plasmonic OSCs (denoted as G-plasmonic OSCs) under illumination (AM 1.5). Upon adding 

glycerol to the hybrid PEDOT:PSS-Ag NPSM films, the Jsc increases from 1.65 mA/cm
2
 to 

around 2 mA/cm
2
 and the Voc decreases from 0.55 V to 0.45 V (Figure 4. 22 and Table 4. 3). 

Moreover, the J-V curves exhibited “S-shape” which is the indication of high series 

resistance [301], or contact-driven process [129], or interfacial dipoles or defects [317]. As 

shown in Table 4. 3, the series resistance of the hybrid OSCs is larger than 4000 Ω. This is 

much larger than the values found in the previous section (in the range of 200 Ω to 300 Ω). As 

the series resistance is also high in the control OSC, this indicates that the observed high series 

resistance does not originate from the addition of glycerol but from the unfavorable contacts in 

these OSCs. The unfavorable contacts could be possibly attributed to the non-ideal fabrication 

conditions inducing surface defects (e.g., contaminants) within our limited experimental 

conditions (e.g., the Al electrodes were thermally deposited outside glovebox).  

The decrease in Voc may be due to the decreased shunt resistance in the G-plasmonic OSCs 

(Figure 4. 21). It may also originate from the lowering of the work function of PEDOT:PSS 

induced by Ag NPSMs [312] or the addition of glycerol [74]. 

In terms of Jsc, the increase of Jsc in plasmonic OSCs can originate from the increased surface 

roughness due to a larger PEDOT:PSS/photoactive layer interfacial area [306,307], or the 

enhanced light absorption [233], or the reduction in series resistance [196,307]. In our 
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experiments, as the series resistance increased upon adding Ag NPSMs, the increase of Jsc 

could not be assigned to the reduction of series resistance but rather to the enhanced charge 

collection and light absorption. While the PEDOT:PSS surface roughness could be increased 

by both the addition of glycerol [77] and Ag NPSMs (Figure 4. 16 and Figure 4. 17). 

 

Figure 4. 20 Photovoltaic J-V curves of control OSC and G-plasmonic OSCs under illumination 

Sample no. Glycerol (vol%) Jsc (mA/cm
2
) Voc (V) FF (%) PCE (%) Rs (Ohm) Rsh (Ohm) 

1 (control) 0 1.65 0.552 32.9 0.30 4777 12277 

2 1.0 2.00 0.452 25.5 0.23 5786 6278 

3 2.0 2.03 0.451 26.56 0.24 5353 6358 

Table 4. 3 Photovoltaic parameters of control OSC and G-plasmonic OSCs. Note that the series resistance is extracted from 

J-V curves under illumination. 

 

Figure 4. 21 J-V curves of control OSC and G-plasmonic OSCs under dark condition. J is in log10 scale. 
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Figure 4. 22 Jsc, Voc, FF and PCE as a function glycerol concentration in G-plasmonic OSCs 

In conclusion, after incorporating a small amount of glycerol (e.g., 1.0 vol%) into PEDOT:PSS, 

the plasmonic OSCs exhibited an increase in Jsc. Such increased Jsc may originate from the 

increased light absorption due to the LSPR of Ag NPSMs or the enhanced charge collection 

due to the increase interfacial area between the PEDOT:PSS and the photoactive layer.  

4.3. Conclusions 

In this chapter, the optimization of fabricating normal organic solar cells using the standard 

ITO/PEDOT:PSS/P3HT:PCBM/Al structure and the fabrication/characterizations of 

plasmonic organic solar cells using Ag nanoprisms in PEDOT:PSS layer were investigated. 

In the first part of this chapter, in order to obtain functional organic solar cells to study the 

effects of Ag NPSMs in plasmonic organic solar cells (OSCs) (efficiency > 2 %), we have 

optimized the thermal annealing temperature, volume percentage of glycerol for PEDOT:PSS. 

In particular, the nanoscale morphology of photoactive layer was optimized by controlling the 

thermal annealing temperature and duration, lowering the solvent removal speed through 

solvent annealing and increasing the crystallinity in photoactive blend solution through adding 

hexane. At the end of a series of optimization, functional organic bulk heterojunction solar 

cells based on P3HT/PCBM were obtained. They will be used as test-bed systems for 

plasmonic OSCs. In fact, in our experiments, after annealing the PEDOT:PSS at 230 °C for 30 

minutes in a N2-filled glovebox, a power conversion efficiency (PCE) of 2.50 % was obtained 
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by solvent annealing and subsequently thermal annealing at 150 °C for 10 minutes; an even 

higher PCE of 2.77% was gained through further adding a small amount of hexane.  

In the second part of this chapter, we experimented (1) the incorporation of Ag nanoprisms 

(NPSMs) into the PEDOT:PSS layer; and (2) the addition of solvent additives (glycerol) into 

PEDOT:PSS layer to fabricate plasmonic OSCs aiming to improve the device characteristics in 

(1). Results from (1) showed that, for incorporation of Ag NPSMs into PEDOT:PSS layer of 

OSCs, the resulting device performance was deteriorated possibly owning to (i) an increased 

recombination at the Ag NPSMs and aggregations at the PEDOT:PSS/photoactive layer; (ii) an 

increased series resistance induced by incompletely removed impurities such as PSS in Ag 

NPSMs. Results from (2) demonstrated that after incorporating a small amount of glycerol 

(e.g., 1.0 vol%) into PEDOT:PSS, the plasmonic OSCs exhibited an increase in Jsc which may 

originate from increased light absorption due to the LSPR of Ag NPSMs or the enhanced 

charge collection owning to the increased PEDOT:PSS/photoactive layer surface area.
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General conclusions and prospective 

General conclusions 

Incorporation of metallic plasmonic nanostructures inside organic solar cells is a promising 

strategy to enhance their power conversion efficiency. In this thesis, we took advantage of the 

unique optical properties of Ag nanoprisms to enhance the device performance of bulk 

heterojunction organic solar cells based on a blend of P3HT (donor) and PCBM (acceptor). 

Practically, the work involved in this thesis includes the following aspects:  

First, a series of Ag nanoprisms of similar thickness but of different edge length were 

successfully synthesized through thermal reduction approach. These Ag nanoprisms with 

different aspect-ratios exhibit a main in-plane localized surface plasmon resonance peak at 

different wavelength in visible spectrum.  

Second, we fabricated various hybrid PEDOT:PSS-Ag-nanoprism thin films by incorporating 

a certain proportion of those Ag nanoprisms with a main in-plane localized surface plasmon 

resonance peak at ~ 560 nm.  

Third, we performed various characterizations to reveal the effects of the incorporation of Ag 

nanoprisms and their concentrations on the structural, optical and electrical properties of 

PEDOT:PSS thin films. The characterization techniques used include transmission electron 

microscopy, regular and conductive atomic force microscopy, optical absorption, 

goniophotometry, and four-point probe resistance measurement.  

Fourth, through a series of optimizations we fabricated functional organic solar cells based on a 

blend of P3HT:PCBM. These fabrication conditions allow us to proceed to the next step to 

study the plasmonic solar cells. 

Fifth, pristine and hybrid PEDOT:PSS thin films containing different amount of Ag 

nanoprisms were applied as anodic buffer layer to fabricate P3HT:PCBM solar cells. We 

performed photovoltaic characterizations to study the influences of Ag nanoprisms on their 

performance. 

From this study the following effects of the incorporation of Ag nanoprisms on the optical 

properties of the PEDOT:PSS films were identified: 
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1. The addition of Ag nanoprisms led to the increased optical absorption in the 

PEDOT:PSS-Ag-nanoprism thin films. Such optical absorption improvement were 

controlled by the Ag nanoprisms concentration in PEDOT:PSS films; 

2. In hybrid PEDOT:PSS-Ag-nanoprism films more light is scattered at high angles with 

respect to the incident light direction. The increased light scattering in hybrid films is a 

promising aspect for more efficient light harvest in organic solar cells. 

The following effects of the incorporation of Ag nanoprisms on the structural and electrical 

properties of the PEDOT:PSS films were identified:  

1)  Increased surface roughness was found in hybrid films likely due to the formation of Ag 

agglomerates. Larger proportion of Ag nanoprisms incorporated, larger surface 

roughness were resulted in hybrid films.  

2) Compared to pristine PEDOT:PSS films, the global sheet resistance of the hybrid films 

increased due to the addition of Ag nanoprisms. Larger proportion of Ag nanoprisms 

incorporated, larger sheet resistance were found in hybrid films. We postulated that the 

origin of such increased resistance to be the residual insulating PSS polymers used 

during the synthesis of Ag nanoprisms. Coherent with our proposition, the sheet 

resistance in hybrid films can be reduced to a resistance value comparable to or lower 

than those in pristine films by increasing the extent of nanoprism post-synthesis 

purification. Similar sheet resistance reduction can also be achieved by applying organic 

solvent additives into the hybrid PEDOT:PSS solution. 

The following effects of the incorporation of Ag nanoprisms on the plasmonic organic solar 

cell performance were identified:  

1) After adding Ag nanoprisms in PEDOT:PSS, the device performance of plasmonic 

organic solar cells deteriorated probably due to (i) the Ag nanoprisms and their 

agglomerates at the PEDOT:PSS/photoactive layer interface can act as recombination 

centers leading to a reduction of shunt resistance, Jsc and Voc; (2)  the excess PSS due to 

incompletely purified Ag nanoprisms can lead to increased series resistance and thus 

lower JSC;  

2) By incorporating further purified Ag NPSMs and a small amount of glycerol into 

PEDOT:PSS, the plasmonic organic solar cells show an increase in Jsc compared to solar 

cells without Ag NPSMs. This was attributed to the beneficial effects from either 
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enhanced light absorption arisen from the localized surface plasmon resonance of Ag 

nanoprisms or the enhanced charge collection resulted from increased PEDOT:PSS 

surface area due to the incorporation of Ag nanoprisms.  

In conclusion, we found that key factors controlling the performance of plasmonic solar cells 

using noble metallic nanoparticles (MNPs) include not only the optical properties but also the 

structural and electrical properties of the resulting hybrid PEDOT:PSS-MNP films. The unique 

optical properties of localized surface plasmon resonance arisen from noble MNPs enhance the 

light absorption in organic solar cells by scattering or concentration. However, the impurities 

and agglomerates of MNPs increase the series resistance and decrease shunt resistance in 

organic solar cells. Both future progress on colloidal surface chemistry and the optimization on 

the nanoparticle incorporation process will be needed to produce plasmonic organic solar cells 

of better performance.  

Prospective 

Further efforts to improve the device performance of plasmonic solar cell include: 

 Since the Ag agglomerates in PEDOT:PSS act as recombination centers in organic solar 

cells, methods leading to a better nanoparticle dispersion in PEDOT:PSS solution is need. 

Besides dispersion methods, filtration process can be used yet it may modify 

significantly the nanoparticle concentration (if lots of agglomerates exist).  

 In order to study plasmonic organic solar cells, more efficient and more stable pristine 

P3HT:PCBM solar cells are needed. In this thesis, the observed high series resistance 

may due to the limited experimental conditions used (e.g. unsuitable or contaminated 

evaporator). Any defects or contaminants at either the PEDOT:PSS/active-layer or 

active-layer/top-electrode interfaces will lead to the deterioration of device performance. 

 The insertion position of metallic nanoparticles in organic solar cells is another 

interesting topic. Besides inserting these nanoparticles in the PEDOT:PSS layer, we also 

tried another device structure incorporating Ag nanoprisms within the photoactive layer. 

Further device optimization is however needed to allow conclusive understanding in this 

device structure (preliminary results on this device structure are described in Appendix 

V).
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 More in-deepth characterizations employing techniques like photoluminescence and 

photoinduced absorption spectroscopy will be useful to understand the charge generation 

mechanisms in plasmonic organic solar cells using metallic nanoparticles [3]. 
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Appendix I Ag Nanospheres Synthesis 

Besides the synthesis of Ag nanoprisms (Ag NPSMs), in this thesis, we tried to synthesize the 

Ag nanospheres (Ag NSs) through reduction of AgNO3 by polyethylene glycol (PEG) under 

heating.  

I.1 Principle 

PEG is an environmentally benign material and has been widely used as prodrug in the 

biological and pharmaceutical industries [318]. 

A so-called term polyol process [319] is applied when using ethylene glycol and diols as 

reducing agent to synthesize metal nanoparticles (MNPs) at high temperature. The ethylene 

glycol or diols acts as both solvent and reducing agent, as well as stabilizer in the synthesis, 

since they can adsorb onto the nanoparticles (NPs) surface [320].  

For preparation of Ag NSs through polyol process, the AgNO3 can be dissolved in PEG liquid 

and be reduced under heating and vigorous stirring [237,320]. The reduction reaction can be 

possibly expressed as follows [237,321]:  

CHOOCH)CHH(OCHAg]Ag(PEG)[PEGAg 2n22

0

l)((l))l(  
 

Where index “l” represents liquid state, [Ag(PEG)]
+ 

is the complex of Ag ion and PEG in the 

liquid suspension, H(OCH2CH2)n+1OH is the formula of PEG, and H(OCH2CH2)nOCH2CHO is 

oxidation product of PEG.  

The typically resulting Ag NS is shown Figure I. 1. The Ag NS is stabilized by PEG through 

coordinate bond via lone pair electrons of oxygen atoms of PEG.  

 

Figure I. 1 Schematic of PEG capped silver nanoparticles [Ag(PEG)] [321]. 

http://en.wikipedia.org/wiki/Polyethylene_glycol
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I.2 Experimental 

In a typical process, silver nitrate (0.1 g, AgNO3) is dissolved in PEG (4 g; molecular weight 

2000 kDa, solid state at room temperature) at 40 °C for 10, 15 and 20 minutes, respectively. 

The vigorous stirring is used throughout the whole process. The change of the solution color 

from colorless to yellow or light red indicates the formation of Ag nanoparticles.  

I.3 Results 

The resulting Ag NP solutions are shown in Figure I. 2. The corresponding absorbance is 

shown in Figure I. 3. The absorbance peaks at around 400 nm indicate the formation of Ag NSs. 

The broad absorbance peaks suggest that the NPs have a wide size distribution.  

  

Figure I. 2 Photographs of resulting Ag NP solutions synthesized at 40 °C for 10, 15 and 20 minutes (from left to right), 

respectively. 

 
Figure I. 3 Absorbance spectra of the resulting Ag NPs synthesized at 40 °C for 10, 15 and 20 minutes, respectively
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Appendix II Ag nanoprisms synthesis by 

one-step thermal reduction 

Here we introduce an alternative approach to synthesize Ag nanoprisms (NPSMs) by thermal 

reduction at room temperature. This is a simplified method and the resulting Ag NPSMs have a 

unimodal size distribution and their edge lengths are modestly controlled. 

III.1 Experimental 

The synthesis follows the recipe used in reference [239]. In a typical experiment, aqueous 

mixture solutions comprising of Silver nitrate (AgNO3; 0.1 mM, 25 mL), trisodium citrate 

(Na3C6H5O7·2H2O; 30 mM, 1.5 mL), poly(vinylpyrolidone) (PVP, Mw ~ 29000 g/mol; 0.7 

mM, 1.5 mL), and hydrogen peroxide (H2O2; 30 wt.-%, 60 μL) were prepared using 

vigorously stirring at room temperature in ambience air. Different quantities of sodium 

borohydride (NaBH4; 100 mM) were then rapidly added inside such pre-prepared mixtures, the 

volume of NaBH4 solutions were 27 μL, 36 μL, 45 μL, 54 μL, 63 μL, 72 μL and 81 μL, 

respectively, which correspond to 0.3 mM, 0.4 mM, 0.5 mM, 0.6 mM, 0.7 mM, 0.8 mM and 0.9 

mM of NaBH4 in the resulting mixtures. After 30 minutes, the color of the solutions changed 

into yellow or blue from colorless, depending on the concentration of NaBH4 used, indicating 

the formation of nanoparticles (NPs). Note that stirring and de-ionized (DI) water were used 

throughout the experiment; the reaction occurred in the dark. In addition, the NaBH4 solution 

should be freshly prepared. 

 

Figure II. 1 The conversion of Ag nanoparticles to Ag NPSMS using NaBH4, H2O2, PVP and citrate 

III.2 Results 

The resulting Ag NPSM solutions are shown in Figure II. 2. The various colors of the solutions 

suggest varying aspect-ratio of Ag NPSMs. The corresponding absorbance spectra are shown 
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in Figure II. 3. With decreasing NaBH4 concentration in the solution, the absorbance peaks of 

main in-plane dipoles increasingly res-shift, suggesting that the aspect-ratio of Ag NPSMs 

increases(except 0.3 mM NaBH4) [233]. Note that the full width at half maximum (FWHM) of 

the absorbance spectra is quite large, indicating a wide size distribution of Ag NPSMs. 

 

Figure II. 2 Photographs of resulting Ag NPSM solution using different concentration of NaBH4, from left to right: 0.3 mM, 

0.4 mM, 0.5 mM, 0.6 mM, 0.7 mM, 0.8 mM and 0.9 mM, respectively. 

 

Figure II. 3 Absorbance spectra of Ag NPSM solutions with various NaBH4 concentrations 

In the synthesis, the NaBH4 is the reducing agent, the chemical equation for this reduction 

process could be expressed as follows [263]:  

3622

0

43 NaNO + HB
2

1
 + H

2

1
 + Ag → NaBH + AgNO  

PVP acts as stabilizer since its oxygen atoms preferentially bind to the {100} facets of 

Ag [266], and thus preventing Ag nanoparticles from aggregation.  

For citrate, it preferentially adsorb onto the Ag {111} facets [239,266] and thus can act as 

face-selective agent and direct the final triangular shape [239]. 

H2O2 can also affect the shape of the resulting nanoparticles [239]. Without H2O2, the obtained 

nanoparticles are spherical, while by adding a small amount of H2O2, the resulting 

nanoparticles are mixture of nanospheres and nanoprisms. 
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Appendix III Photovoltaic characteristics 

of PTB7:PC70BM organic solar cell 

PTB7 has a lower bandgap (1.8 eV [21]) than P3HT (2.1 eV), so that it has better light 

absorption ability further into the infrared; PC70BM has a higher optical absorption in visible 

region compared to PC60BM [98]. Therefore, a significant improvement of device performance 

of PTB7:PC70BM solar cell is observed compared to P3HT:PC60BM solar cell [322]. 

Appendix III presents the photovoltaic characteristics of PTB7:PC70BM OSC using ZnO 

nanoparticle as optical spacer between photoactive layer and the Al back electrode. 

The ZnO has a high electron mobility (0.066 cm
2
V

-1
s

-1
) and a Fermi level of 4.4 eV [307]. 

These properties provides not only efficient charge transfer from fullerene derivatives, but also 

effective electron extraction towards to cathode [307,323], as well as reduced contact barrier, 

and reduced recombination at the cathode [323]. 

III.1 Experimental  

The general fabrication process of OSCs was followed the reference [323] in Centre 

Interdisciplinaire de Nanoscience de Marseille (CINaM), but some parameters were modified.  

First ITO substrates (purchased from OSILLA and LUMTEC) were thoroughly cleaned by 

ultrasonic bath in acetone and ethanol followed by rinsing with water and ultrasonic bath in 

isopropanol and applying ultraviolet-ozone for 10 minutes. A thin layer of PEDOT:PSS 

(CLEVIOS
TM

 Al 4083) was spin-coated on the cleaned ITO-coated glass substrate at the speed 

of 5000 rpm for 60 s followed by heating on a hot-plate at 150 °C for 10 minutes in a 

nitrogen-filled glove box.  

PTB7 (1-Material) and PC70BM (Solenne, purity 95%) were solubilized at 50 °C over night in 

chlorobenzene with a weight ratio of 1:1.5 using 10 mg mL
−1

 PTB7. The PTB7: PC70BM blend 

layer, with a nominal thickness of 90 nm, was prepared by spin-coating at 2000 rpm for 30 s. 

After that, a layer of ZnO nanoparticles with 6 nm as average diameter and a concentration of 2 

mg/mL in isopropanol (prepared following reference  [323]) was spin-coated on the 

photoactive layer at 3000 rpm for 60 s. The device was then dried at a hotplate at 75 °C for 5 

minutes. Note that these two steps were done in nitrogen-filled glove box. 
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Al cathode (100 nm) was then were thermally evaporated at 2 × 10
−6

 Torr pressure through a 

shadow mask and the device area was 0.06 cm
2
. 

III.2 Photovoltaic characteristics 

The resulting photovoltaic J-V characteristic curves of PTB7:PC70BM OSCs are shown in 

Figure III. 1. The PTB7:PC70BM OSCs show a much better device performance than that in 

Chapter IV with a higher Voc of 0.742 V and a higher Jsc of 13.3 with a FF of 53%, leading to a 

PCE of 5.25%. The improvement of device performance could be attributed to the enhanced 

light absorption due to PTB7 and PC70BM, improved electron extraction, reduced contact 

barrier, and reduced recombination at the cathode [323]. 

 

Figure III. 1 Photovoltaic J-V characteristic curves of PTB7:PC70BM OSCs under illumination (AM 1.5) 
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Appendix IV Phase transfer of Ag 

nanoprisms from aqueous solution into 

organic solvents 

The as-prepared Ag nanoprisms (NPSMs) either in Chapter III or in Appendix II are in aqueous 

solutions. For applying Ag NPSMs in water-insoluble materials (e.g., P3HT:PCBM), surface 

modification must be done to transfer Ag NPSMs from aqueous solution to organic solvents. 

Since the as-prepared Ag NPSMs are stabilized by citrate in Chapter III (PVP in Appendix II), 

ligand exchange method can be an effective technique to manage the phase transfer from 

aqueous solution to organic solvents. The capping agent citrate can provide long term stability, 

but it is weakly bound to the Ag nanoparticles. Hence, it is readily displaced by various other 

molecules including thiols, amines, polymers, antibodies, and proteins [324].  

Here, we present a phase transfer of Ag NPSMs from aqueous solution into organic solvents 

using oleylamine (Figure IV. 1) as exchange ligand. 

IV.1 Experimental 

Experiment 1: 10 mL as-prepared Ag NPS solution washed by THF at 6000 rpm for 15 

minutes, precipitate was dissolved in 3 mL DI water, then 3 mL hexane and various volume of 

oleylamine (0.2, 0.4, 0.6 and 0.8 mL, respectively) were added into these aqueous Ag NPSM 

solutions. The mixtures were vigorously stirred at 1300 rpm for 30 minutes and let stand for 1 h. 

The resulting solutions comprised of two layers, the upper layer was the Ag NPSM-hexane 

solution and the bottom is water subnatant (Figure IV. 1). 

Experiment 2: 10 ml as-prepared Ag NPS solution washed by THF at 6000 rpm for 15 minutes, 

precipitate was dissolved in 3 ml DI water, and then 3ml hexane and 0.2 mL of oleylamine 

were added. The mixtures were stirred at 1300 rpm for 30 minutes and let stand for 1 h. The 

upper layer, Ag NPSM-hexane solution, was obtained; then: (1) 0.2 mL organic solvent and 0.8 

mL hexane were added into 0.15mL Ag NPSM-hexane solution. Three organic solvents were 

used here: CB, chloroform (CF) and 1,2-dichlorobenzene (DCB), respectively. These three 

mixtures were then dispersed using ultrasonic bath for 15 minutes; (2) 1.5 mL ethanol was 

added into 0.25 mL Ag NPSM-hexane solution with ultrasonic bath for 15 minutes, and then 
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this mixture was centrifuged twice at 8500 rpm for 15 minutes by using ethanol. The resulting 

precipitate was subsequently dispersed in 1 mL CB, CF or DCB using ultrasonic bath for 30 

minutes.  

 

Figure IV. 1 Chemical structure of oleylamine: an amphiphilic ligand 

IV.2 Results 

IV.2.1 Results of Experiment 1 

Different amount of oleylamine was used for phase transfer of Ag NPSMs from aqueous 

solution to hexane (Figure IV. 2). We noticed that there were many Ag NPSMs are trapped at 

the interface of the two phases; with increasing the amount of oleylamine, the Ag 

NPSM-hexane solution (upper layer) became red and the aqueous solution (bottom layer) 

became emulsion.  

The resulting absorbance and normalized absorbance spectra are shown in Figure IV. 3. As 

shown in left figure in Figure IV. 3, the intensities of the absorbance peaks decrease and 

plasmon peaks blue-shift slightly with increasing the amount of oleylamine. The decrease in 

intensity may be probably due to that more Ag NPSMs were trapped in aqueous solution 

though oleylamine micells (Figure IV. 2). The shift of plasmon peak is also shown in the right 

figure in Figure IV. 3. The absorbance peaks for Ag NPSM-hexane solutions using 0.2 mL, 0.4 

mL, 0.6 mL and 0.8 mL oleylamine are located at about 530 nm, 495 nm, 485 nm and 470 nm, 

respectively, while the Ag NPSM aqueous solution shows a plasmon peak at 560 nm. 

According to literature [325], the plasmon peak of nanoparticles is very sensitive to the local 

refractive index: high index of surrounding medium leads to a red-shift of the plasmon peak. 

Therefore, the shift of plasmon peak of Ag NPSMs in hexane may be due to the change of local 

refractive index, since after phase transfer, the Ag NPSMs are presumably stabilized by 

oleylamine (n = 1.46) which has a lower refractive index than citrate (n = 1.58). In addition, the 

Ag NPSMs may be attached by more oleylamine molecules with increasing concentration of 

oleylamine. This is the possible cause of the further blue-shift of plasmon peaks. 

In conclusion, the quantity of 0.2 mL oleylamine (or even less) is possibly appropriate for 

phase transfer of 10 mL as-prepared Ag NPSMs from aqueous to organic solution. 
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Figure IV. 2 Photographs of Ag NPSM solution after phase transfer using different amount of oleylamine, from left to right: 

0.2, 0.4, 0.6 and 0.8 mL, respectively 

 

Figure IV. 3 Absorbance and normalized absorbance spectra of Ag NPSM solution after phase transfer using different 

amount of oleylamine: 0.2, 0.4, 0.6 and 0.8 mL corresponds to curve number 2, 3, 4 and 5, respectively; the curve number 1 

is the absorbance of as-prepared Ag NPSM aqueous solution. 

IV.2.2 Results of Experiment 2 

1) Etching effects  

Figure IV. 4 shows the normalized absorbance spectra of Ag NPSM solutions using CF, DCB 

and CB as solvent, respectively. In Figure IV. 4 (a) and (c), the plasmon peaks blue-shift just 30 

minutes after the Ag NPSMs transferred into CF (peak at 480 nm) and CB (peak at 485 nm), 

and the shift becomes even larger 1 day later (400 nm for CF and 460 nm for CB); in Figure IV. 

4 (b), the Ag NPSM solutions show broad peaks, indicating aggregation of Ag NPSMs. Indeed, 

in Ag nanoparticle-CB/CF solutions, the chloride atoms can be dissociated as chloride ion, and 

even a trace amount of chloride ion can effectively etch the Ag nanoparticles [266]. This 

oxidative etching results in a decrease in aspect-ratio (edge length to thickness) of Ag NPSMs 

and thus a blue-shift [233,326]. Hence, the shift of plasmon peaks may be due to not only the 

change of local refractive index and but also the chloride ion (Cl
-
)-assisted oxidative 

etching [266,326]. In addition, chloride groups in CF are more active than that in CB and thus 
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more chloride ion are generated in CF, leading to faster oxidative etching, thus a further 

blue-shift to 400 nm for CF one day after phase transfer (460 nm for CB).  

 

Figure IV. 4 Normalized absorbance spectra of Ag NPSMs transferred in CF, DCB and CB 30 minutes and 1 day later, 

respectively; the curve number 1 is the absorbance of as-prepared Ag NPSM aqueous solution. 

2) Ag NPSMs washed by ethanol 

Ag NPSMs were washed by ethanol through centrifugation and then transferred into using CF, 

DCB and CB. The normalized absorbance spectra of the resulting Ag NPSMs are shown in 

Figure IV. 5. For CF. The chloride ion-assisted oxidative etching is significant (Figure IV. 5 (a)) 

and the plasmon peak is blue-shifted to 400 nm just 30 minutes after phase transfer in CF; for 

DCB, the resulting Ag NPSMs have a broad plasmon peak (Figure IV. 5 (b)), suggesting 

aggregation of Ag NPSMs in DCB; while for CB, although the line widths become large 30 

minutes and 1 day after phase transfer, the plasmon peaks do not shift remarkably (Figure IV. 5 

(c)), indicating weaker effect of chloride ion-assisted oxidative etching. Thus, CB could be a 

good solvent for oleylamine-capped Ag NPSMs for application in OSCs.  
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Figure IV. 5 Normalized absorbance spectra of Ag NPSMs in organic solvents. The Ag NPSMs were transferred in hexane 

and subsequently centrifuged using ethanol and finally dispersed in CF, DCB and CB, respectively; the curve number 1 is 

the absorbance of as-prepared Ag NPSM aqueous solution. 

IV.3 Conclusion 

An approach to transfer Ag NPSMs from aqueous solution to organic solvents, especially to 

CB was developed: 10 mL as-prepared aqueous Ag NPSM solution is centrifuged at 6000 rpm 

for 15 minutes. The precipitate is then dispersed in 3 mL water and mixed with 3 mL hexane 

and 0.2 mL oleylamine by vigorous stirring for 30 minutes. After standing for 2 h, the resulting 

upper layer is washed by ethanol twice through centrifugation at 8500 rpm for 15 minutes. The 

precipitate is finally dispersed in 1 mL CB by ultrasonic bath for 30 minutes.
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Appendix V  Plasmonic organic solar cells 

using Ag nanoprisms in active layer 

Besides using Ag nanoprisms (NPSMs) in PEDOT:PSS film, an attempt to incorporate Ag 

NPSMs into photoactive layer of organic solar cells (OSCs) was made and the results are 

presented in Appendix V. 

V.1 Experimental 

Preparation of Ag-NPSM-CB solution: For incorporation of Ag NPSMs in photoactive 

blend, we used the method developed in Appendix IV. 10 mL as-prepared aqueous Ag NPSM 

solution was centrifuged at 6000 rpm for 15 minutes and then a pellet of Ag NPSMs was 

obtained at the bottom of the centrifuge tube. Four such pellets of precipitate were then 

dispersed in 3 mL water and mixed with 3 mL hexane and 0.8 mL oleylamine by vigorous 

stirring for one night. After standing for 2 h, the resulting upper layer was mixed with ~ 20 mL 

ethanol by ultrasonic bath for 15 minutes and then washed twice by centrifugation at 8500 rpm 

for 15 minutes using ethanol. The precipitate was finally dispersed in 0.2 mL chlorobenzene 

(CB) by ultrasonic bath for 30 minutes. 

P3HT:PCBM:CB solution: In parallel, P3HT and PCBM (20 mg P3HT and 20 mg PCBM) 

was dissolved in 1 mL CB by heating at 45 °C for one night with vigorous stirring.  

P3HT:PCBM:Ag NPSM:CB solution: After that, the 0.2 mL Ag NPSM-CB solution was 

mixed with 0.4 mL pre-prepared P3HT:PCBM:CB solution at 45 °C for 2 h with vigorous 

stirring. 

Plasmonic OSC: Finally a plasmonic OSC doped with Ag NPSMs in photoactive layer and a 

control OSC without Ag NPSMs were fabricated following the general process introduced in 

Section 2.2.2.5.  

V.2 Results and discussion  

Figure V. 1 shows the photovoltaic J-V characteristic curves of the control OSC (denoted as 

pristine) and plasmonic OSC with Ag NPSMs in photoactive layer under AM 1.5 illumination. 

Compared to the pristine OSC, the Jsc decreases dramatically for plasmonic OSC, from 8.58 
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mA/cm
2
 to 4.56 mA/cm

2
; the Voc is essentially unchanged; while the FF drops from 54% to 

27%. The decrease in Jsc and FF leads to a deterioration of PCE, from 2.77% to 0.79%. 

The corresponding EQEs are shown in Figure V 1. The plasmonic OSC has a much lower EQE 

than the pristine one, consistent with the tendency in Jsc. 

 
Figure V. 1 J-V curves of the control OSC (denoted as pristine) and plasmonic OSC with Ag NPSMs in photoactive layer 

under AM 1.5 illumination 

 

Figure V 1 EQE of the control OSC (denoted as pristine) and plasmonic OSC with Ag NPSMs in photoactive layer 

 
Figure V 2 J-V curves of the control OSC (denoted as pristine) and plasmonic OSC with Ag NPSMs in photoactive layer 

under dark condition. 
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The decrease in Jsc and EQE may be due to introduction of oleylamine. The oleylamine has a 

long hydrocarbon chain and thus it can probably vary the nano-morphology through disturbing 

the molecular packing, leading to an increased in Rs. In addition, the oleylamine is not 

conductive. Hence, the introduction of oleylamine in photoactive layer could further increase 

the series resistance. The increased series resistance is confirmed by the J-V curves of control 

OSC and plasmonic OSC under dark condition (Figure V 2). 

javascript:void(0);
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