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Abstact 

 

Polymer solar cells (PSCs) have attracted great attention because of their many advantages 

including flexibility, light weight, and low fabrication cost. Among various strategies, the interfacial 

engineering and surface plasmon resonance (SPR) effect of metal nanoparticles (NPs) are promising 

and efficient ways to maximize performance of PSCs. Interfacial engineering can passivate charge 

trap sites, control energy level alignment, enhance charge extraction, guide active layer morphology, 

improve materials compatibility, alter work functions of anode and cathode. In addition, SPR effect of 

metal NPs can be an effective way to store the incident light energy in localized surface plasmon 

modes and enhance the photogeneration of excitons. Here, I present various interfacial engineering 

strategies employing novel charge transport layer, such as combined layer of metal oxide/ionic liquids 

(IL) and metal oxide/conjugated polyelectrolyte (CPE). Ionic dipoles within IL layer effectively 

influenced the work function of the metal oxide and thus the electron injection/transport barrier 

between the conduction band of metal oxide and the LUMO of active layer could be efficiently 

reduced. In addition, spontaneously oriented interfacial dipoles within the CPE layer lower the energy 

barrier for electron injection/transport and reduce the interfacial contact resistance and inherent 

incompatibility between the hydrophilic metal oxide and hydrophobic active layers. Surface 

modification of metal oxide with fullerene-based self-assembled monolayer (FSAM) reduced the 

contact resistance and inherent incompatibility at the metal oxide/active layer interface, resulting in an 

improved device performance. I also present various plasmonic materials, such as carbon dot-

supported silver NPs (CD-Ag NPs), silica-coated Ag NPs (Ag@SiO2), and solvent-mediated Ag NPs 

(Ag@NMP) for high-performance PSCs. Compared to previous plasmonic materials, CD-Ag NPs led 

to broad light absorption originating from the ensemble of plasmon coupling effect caused by 

clustering Ag NPs in CD-Ag NPs. Furthermore, incorporating Ag@SiO2 between hole transport layer 

and active layer led to remarkable improvement in device efficiency caused by increased light 

absorption and scattering via enhanced electric field distribution. These versatile and effective 

methods using interfacial engineering and plasmonic materials may offer possibility to commercialize 

organic optoelectronic devices. 

 

 

Keywords: Polymer solar cells, interfacial engineering, surface plasmon resonance, metal 

nanoparticles, ionic liquids, conjugated polyelectrolyte
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Chapter 1. Introduction  

 

1.1 History of Organic Solar Cells (OSCs)  

Solar cells were begun from the discovery of photovoltaic effect by Becquerel in 1839.1 Smith and 

Adams made the first reports on photoconductivity by using selenium in 1873 and 1876, respectively.2 

Pochettino and Volmer observed photoconductivity from anthracene in 1906 and 1913, respectively, 

which was the first organic compound.3 In the late 1950s and 1960s many researchers recognized the 

potential use of organic materials as photo-sensitizers in imaging system. The scientific interest as 

well as the commercial potentials led to increased research into photoconductivity and related subjects. 

In the early 1960s it was discovered that many common dyes had semiconducting properties.  

After the oil crisis in the early 1970s, a tremendous effort was devoted to the development of 

photovoltaic cells and on the 1980s, the industry began to mature, as emphasis on manufacturing and 

costs grew, and manufacturing facilities for producing photovoltaic modules from silicon-based p-n 

junction solar cells were built in many countries. Therefore, low cost photovoltaic cells were needed 

to use widely, and organic materials are attempted to the photovoltaic cell. 

Tang et al. reported organic solar cells using two organic materials, copper phthalocyanine (CuPc) 

and perylene tetracarboxylic derivatives in 1986.4 This organic solar cell showed a power conversion 

efficiency of 0.95%. In 1992 Sariciftci et al. discovered efficient photoinduced electron transfer from 

excited conjugated polymers to the fullerene composite (C60 molecule).5 This discovery led to the 

development of organic solar cells through the polymer-fullerene composite. In addition, Yu et al. 

achieved breakthrough to improve the efficiency of organic solar cells by introducing bulk 

heterojunction structure.6 Recently, power conversion efficiencies of organic solar cells have 

improved up to 10% by developing new materials and device architectures.  

 

1.2 Physics of OSCs 

 

1.2.1 Principle of OSCs 

Solar cell is a device that produces electricity from sunlight. Upon illumination, photons are 

absorbed by an active layer in a solar cell, and then electron-hole pairs are generated as excitons. The 

excitons need to diffuse to a donor–acceptor (DA) interface to dissociate into free charges. After that, 

electrons and holes need to transport to electrodes through their corresponding percolation pathway.7 

During these processes, four main steps affect device performance (Figure 1.1): i) photon absorption 

(ηA), ii) exciton diffusion (ηED), iii) exciton dissociation and charge transport (ηCT), vi) charge 

collection (ηCC). The η is the yield of each process.  
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These four processes determining a solar cell performance can be better understood in a connection 

with external quantum efficiency (EQE) of a device. EQE is defined as a percentage of the number of 

charge carriers collected at the electrode under short-circuit condition to the number of photons 

incident on the device. 8 EQE can be expressed as the product of the above steps. 

 

EQE = η × η  × η  × η   

 

 

 

Figure 1.1. Key processes to generate electricity from sun-light in organic solar cells. 
 

Photon absorption (ηA) 

The photon absorption is determined by the absorption spectral band, optical absorption coefficient, 

and thickness of a photoactive layer, as well as internal reflection. Most of semiconducting polymers 

(e.g., P3HT, MDMO-PPV, etc) have a bandgap larger than 2 eV, which limits light absorption range 

less than 650 nm. Therefore, only a small portion of sunlight can be absorbed in polymer solar cells. 

Usually, the thickness of an active layer is in the order of 100 nm to avoid exciton and charge tranport 

loss. To well balance sufficient light absorption and efficient charge transport, both a wide absorption 

spectral band and a high absorption coefficient become important for absorbing enough sunlight. The 

absorption coefficients of conjugated polymers were reported to be much higher than that of silicon so 

that a thin layer (e.g., 100 nm) of polymer is enough to absorb sufficient light. 

 

Exciton diffusion (ηED) 

The efficiency of exciton diffusion to a DA interface is related to its exciton diffusion length (LD) 



3 

 

and distance (Li) between photoexciton location and DA interface which serves as a dissociation 

center.9 The LD is equal to (Dτ)1/2, where D is diffusion coefficient and τ is exciton lifetime.10 Excitons 

can diffuse to a DA interface with Li ≤ LD, otherwise they may recombine with a reduced ηED.8 

Typically, exciton diffusion length is in the range of 4_20 nm for conjugated polymers.11-13  

 

Exciton dissociation and charge transport (ηCT) 

The efficiency of exciton dissociation into free holes and electrons relies on DA LUMO energy 

offsets and internal electric field at a DA heterojunction.8 From current understanding, the minimum 

energy required to dissociate an exciton in a conjugated polymer is what is needed to overcome the 

exciton binding energy.14 This energy can be provided by the offset between the LUMO energy levels 

of the donor and the acceptor. 

The ηCT is charge transport efficiency. The holes are transported in a conjugated polymer, while the 

electrons are transported in an inorganic semiconductor. Both the donor and acceptor materials are 

required to form highly efficient percolation networks spanning the entire active layer to provide 

efficient charge transport.15 The polymers need to have a higher degree of planarity for efficient 

backbone stacking for a high hole mobility. Through the treatments such as thermal and solvent 

annealing, the polymers should also be able to self-assemble into a more organized structure.  

 

Collection of charge-carriers (ηCC) 

It is the fraction of the charges transported from the active layer to the electrodes with respect to 

the total free charges that are supposed to transport to the electrodes. The ηCC depends on the energy 

levels of the active layer, the electrodes and the interface between them.8 

 

1.2.2 Characterization of OSCs 

 Solar cell efficiency can be calculated from its current densityvoltage (J-V) characteristic curves. 

From such curves, open circuit voltage (Voc), short-circuit current density (Jsc) and fill factor (FF) can 

be obtained. Then energy conversion efficiency can be determined by equation 1.1 

 

 =
   	   	  

  
× 100  (1.1) 

 

Where PS is the incident light power density. A standard test condition for solar cells is Air Mass 

1.5 global (AM 1.5 G) with an incident power density of 100 mW cm-2
 at a temperature of 25° C. 

Equivalent circuit of a solar cell is shown as Figure 1.2. A series resistance (RS) originates from 

contact and bulk semiconductor, and a shunt resistance (Rsh) comes from poor diode contact. The J-V 
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characteristics can be described as equation 1.2,16 
 

 =    exp  
 (      )

   
 − 1 +	

      

    
−    			(1.2) 

 

Where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is device area, n is 

ideality factor of the diode, J0 is reverse saturation current density, Jph is photocurrent, RS is series 

resistance and Rsh is shunt resistance. The J-V curves and photovoltaic parameters including VOC and 

FF strongly depend on the n, J0, RS, and Rsh.  

 

 

Figure 1.2. Equivalent circuit of a solar cell. 

 

Figure 1.3 shows typical dark and illuminated current density-voltage (J-V) curves, in which three 

distinctive regions can be seen.17 The first (I) is the linear region in negative potentials and low 

positive potentials, in which the current density is dominated by the shunt resistance (Rsh). The second 

(II) is the region at mediate positive regions where the curve shows an exponential behavior and the 

current density is related to the diode. The third (III) is another linear region in high positive potentials 

where the current density is related to the series resistance (RS).
17  

The ideality factor (n) is a figure which shows how closely a diode behaves like an ideal diode and 

it is typically deviated from the ideal by recombination in the junction. In polymer-fullerene solar 

cells that can be pictured as an ‘‘extended pn junction’’, recombination can happen at the DA interface 

(junction) when the separated electrons and holes meet,18 causing n to deviate from 1. Thus, the 

ideality factor (n) can be regarded as an indicator of DA morphology, phase separation and their 

interfacial area. Waldauf et al. reported that bulk heterojunction solar cells with their active layers 

made from the same production batch have comparable diode idealities, indicated by similar slopes in 

the exponential regime of their J-V curves. It was also found that different solvents led to different 

morphologies in organic solar cells, resulting in different idealities.19  
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The reverse saturation current density (J0) is also an important parameter affecting the J-V curves 

in the exponential regimes and thus cell performance. The J0 is an indicator of how many charges can 

overcome the energetic barrier in the reverse direction. These charges are regarded as minority 

charges at the donor/acceptor interface. In a typical pn junction, J0 can be described as equation 1.3  

 

  =   exp  
  ф

   
   (1.3) 

 

Where Ji depends on material purity and f is energetic barrier voltage. ф was found to be in good 

agreement with energy difference of the acceptor’s LUMO and the donor’s HOMO. The J0 value 

increases with increasing temperature (T), but decreases as the material quality (purity) and energetic 

barrier improve.  

The series resistance (RS) is another parameter that affects the J-V characteristics and solar cell 

performance. The RS results from limited conductivity of organic layer, contact resistance between 

organic layer and its corresponding electrodes, and connecting resistance between the electrodes and 

external circuit. The RS can reduce the FF and it can also reduce the JSC if it is too high. Generally the 

RS has no impact on open circuit voltage (VOC) since the entire current flows through the diode at the 

VOC condition, but no current flows though the RS. However, at the points close to the VOC, the RS 

greatly affects the J-V curves, providing a simplified method to estimate the RS by measuring the 

slope of the J-V curves in the regime close to the VOC. The RS should be minimized to reduce the 

energy loss, especially in large area solar cells.20  

The shunt resistance (Rsh) is also a parameter affecting the J-V characteristics and solar cell 

performance. The Rsh may be related to the device structure and film morphology. For example, Rsh 

can be lowered by the leakage current through the pinholes and recombination of charge carriers in 

the devices.21 The morphology and thickness can be processed with care to reduce the pinholes and 

recombination in the devices so that the Rsh can be increased. The Rsh needs to be maximized to reduce 

the power loss caused by the current that by passes the solar cell junction and load through an 

alternate current path from the low Rsh. A small Rsh lowers the current flowing through the diode 

(junction) and thus reduces the VOC. A simplified way to approximately calculate the Rsh is to measure 

the slope of the J-V curves in the regime close to the JSC.  
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Figure 1.3. Current density-voltage (J-V) characteristics of solar cell. 

 

The above discussed n, J0, Rs and Rsh can strongly affect the photovoltaic parameters including VOC, 

FF, JSC and cell efficiency (η). VOC is defined as the voltage across the cell under illumination with a 

zero current at which the dark current and short circuit photocurrent was exactly cancelled out. By 

solving the current density verse voltage equation (equation 1.3) at J=0 and V= VOC can be derived as 

equation 1.4 

 

   =
   

 
ln  

   

  
+ 1 −

   

     
   (1.4) 

 

Figure 1.4 shows the dependence of VOC on n and J0, calculated using equation 1.5 that is derived 

from equation 1.4 by assuming an infinitely large Rsh.  

 

   =
   

 
ln  

   

  
+ 1   (1.5) 

 

When the Rsh is not large enough, it can also affect the VOC of organic solar cells.  

The FF is greatly affected by the RS and Rsh. The relationship has been reported previously. High 

FF can be achieved with low RS and high Rsh (ideally RS = 0, Rsh = ∞). Therefore, the RS needs to be 

minimized and the Rsh should be maximized to ensure a high FF. The dependence of FF on RS and Rsh 

can be approximated as equation 1.6 
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                 (  ,    ) =   (0,∞)[ 1 −
     

   
 − (

   

      
)]                 (1.6) 

 

Another useful measurement is the incident photon-to-current conversion efficiency (IPCE), which 

is also called EQE, for monochromatic radiation. The IPCE value is the ratio of the observed 

photocurrent divided by the incident photon flux, uncorrected for reflective losses during optical 

excitation through the conducting glass electrode. The IPCE is a percentage of incident photons 

converted to electrons and predominantly coincident with the absorbance spectrum of the solar cells. 

 

 IPCE =
      	  	         	       	   	        	       

      	  	       	        
            (1.7) 

=
[    	(  	  )][            	       (  	    )	

[          	(  )][           (  	    )]
  

 

Solar irradiance varies with wavelength and roughly traces out a curve in the visible and infrared 

regions. Additional changes in intensity occur because of different pathways by which the sun’s rays 

traverse through the earth’s atmosphere. The property of light illuminated on a solar cell is expressed 

by Air Mass which is a measure of how absorption in the atmosphere affects the spectral content and 

intensity of the solar radiation reaching the earth’s surface.  

 

  

 

Figure 1.4. Dependence of VOC on ideality factor and reverse saturation current density. 
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1.3 Development of Polymer Solar Cells (PSCs) 

The PSCs are fabricated via solution-process and have potential for achieving low-cost solar 

energy harvesting, because of their advantages such as material and manufacturing techniques. The 

PSCs can be introduced many applications from flexible solar modules and semitransparent solar cells 

in windows, to building applications and even photon recycling in liquid-crystal displays. Various 

approaches, such as new materials, interfacial engineering, and surface plasmon resonance effect of 

metal nanostructure, have led to the dramatic improvement of power conversion efficiency from 3% 

to almost 10%.  

 

1.3.1 Molecular designs 

 

The PSCs have been developed by innovations in electron donors and acceptors. Chemical 

structures of some electron donors and acceptors were shown in Figure 1.5. Wudl et al. synthesized 

one of the earliest conjugated polymers, poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] 

(MEH-PPV).22 He also synthesized one of fullerene derivatives, PCBM, which is widely used as an 

electron acceptor in the PSC today. In 1995, Yu et al. mixed MEH-PPV with C60 and it is first bulk 

heterojunction (BHJ) PSC with a high PCE.23 From this, researchers have been focused on polymer 

materials for use in solar energy conversion. After remarkable device optimization, PCEs over 3.0% 

were achieved for PPV-based PSCs.24, 25 However, relatively low hole mobility and narrow light 

absorption range limit further enhancement in device efficiency. Soluble polythiophenes, especially 

poly(3-hexylthiphene) (P3HT),26 which has broader absorption than MEH-PPV and higher hole 

mobility,27 have become a famous conjugated polymer for PSCs in the 2000s. The optimization of 

active layer morphology has led to PCEs of 4–5%, thus attracting much attention in PSCs.28, 29  
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Figure 1.5. Chemical structures of representative electron donors and acceptors used in PSCs 

 

Recently, researchers have developed a variety of high-performance polymers. Among them, low 

bandgap polymer, 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) has  broad absorption up to 900 nm. The PSCs based onmade 

from PCPDTBT have showed an initial efficiency of around 3%.30 However, by incorporating 

processing additives, the efficiencies around 5.5% were achieved.31 Poly[N-9’’-hepta-decanyl-2,7-

carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) developed by Leclerc et 

al. showed a PCE of 3.6%.32 In 2009, introduction of titanium oxide (TiOX) layer as an optical spacer 

improved PCEs up to 6.1% by.33 Yu et al. developed promising conjugated polymers, which consist 

of thieno[3,4-b]-thiophene (TT) and benzodithiophene (BDT) alternating units.34-37 The PSCs based 

on this polymer first reached PCEs of 7–8% among many donor polymers. Researchers reported the 

devices with PCEs of more than 7% by using either new materials or device architecture.38-41 

The development of novel materials is critical points currently improving the device performance. 

The key issues of polymer design include bandgap engineering and tuning the energy levels for  

maximizing JSC  and VOC, enhancing the degree of planarity to obtain high charge-carrier mobility, 

and device stability.42, 43 All of these issues are deeply related each other. Ideally, all factors should be 

optimized in a homo-polymer, but there is a significant challenge. The study on the relationship 

between polymer design and these parameters has been remarkably improved over the past decade. 

The value of VOC for a PSC can be expressed by following equation VOC = e–1 × (|EHOMO
donor| − | 
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ELUMO
acceptor| − 0.3 eV), where e is the elementary charge, E is the energy level and 0.3 eV is an 

empirical value for efficient charge separation. A donor polymer with a lower HOMO level leads to 

higher VOC. P3HT is by far the most famous donor, with a HOMO level of ~4.9 eV,44 which 

corresponds to a VOC value of around 0.6 V and serves as a reference for polymer design. Thiophene 

is an electron-rich part.45 The HOMO level of the polymer in a PSC can be effectively lowered by 

introducing groups that are less electron-rich.46, 47 For example, fluorene and carbazole are commonly 

used moieties in wide-bandgap materials because they are less electron-rich than thiophene. By 

introducing these units into a polymer donor, VOC can be significantly increased. Cao et al. reported a 

polymer containing a fluorene unit that achieved VOC ≈ 1.0 V.46 Inganas et al. also reported a 

polymer composed of fluorene and quinoxaline alternating units that reached VOC ≈ 1.0 V.47 Another 

one is PCDTBT, which introduces carbazole units in the polymer chain, from which researchers 

achieved VOC ≈ 0.89 V.32 VOC is also affected by non-radiative recombination between the donor and 

the acceptor. Eliminating these recombination pathways help to enhance VOC. However, there is a 

significant challenge about the relation of polymer design to elimination process.48  

The JSC is another important parameter that affects the performance of a PSC. The most powerful 

approach for achieving high JSC is to narrow the bandgap (<1.8 eV) for a broader absorption of the 

solar spectrum.49 Common approaches include utilizing donor–acceptor (DA) alternating structure, 

stabilizing the quinoid structure, controlling the degree of planarity of polymer chain, and increasing 

the effective conjugation length. The DA structure is the most common approach, in which the push–

pull driving energy between the donor and acceptor units, together with the photoinduced intra-

molecular charge transfer, facilitates electron delocalization and the formation of low-bandgap 

quinoid mesomeric structures over the polymer backbone.50, 51 According to molecular orbital 

perturbation theory, electron delocalization results in the hybridization of molecular orbitals, giving 

rise to electron redistribution throughout the interacting orbitals. This provides two types of new 

hybridized orbitals (higher HOMO level and a lower LUMO level), leading to a narrower bandgap. 

Among many polymers with DA structure, PCPDTBT is one of the most successful examples of DA 

alternating structure.30 The bandgap of PCPDTBT is 1.4 eV (around 900 nm) by alternating a dialkyl-

cyclopentabithiophene donor unit and benzothiadiazole acceptor unit. In addition to polymer main 

chain, this DA structure can be used to side chain of polymers. Huang et al. reported that an acceptor-

based side chain and a donor-based main chain within DA structure also results in a lower bandgap 

polymer.52 Stabilizing the quinoid structure of conjugated units is another strategy reducing the 

bandgap of polymers.49 There are two types of resonance structures in the ground state of a 

conjugated structure (aromatic and quinoidal form).42 The quinoidal form is energetically less stable 

due to its smaller bandgap. Making quinoidal form stable can reduce the bandgap of polymer. Yu et al. 

reported that stable quinoidal structure can be made by introducing a thieno[3,4-b]thiophene (TT) unit 
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to fused thiophene ring.35, 49 Polymers with DA alternating structure of TT and BDT units have 

bandgaps of around 1.6 eV.  

Only narrowing the bandgap of polymers is not sufficient for achieving high JSC. Other parameters, 

including charge-carrier mobility, intermolecular interaction and molecular stacking, also affect JSC. 

For example, designing the chemical structure of polymers provides effective ways to enhance hole 

mobility. Poly(4,4-dioctyldithieno(3,2-b:2’,3’-d)silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl) 

(PSBTBT) was developed by Yang et al. by replacing the bridging carbon atom with Si atom in 

PCPDTBT.53, 54 This polymer has a higher crystallinity than PCPDTBT and thus higher hole mobility, 

leading to improved JSC. Using high degree of planararity structure can improve charge transport by 

enhancing molecule stacking.55, 56  

Although these strategies abovementioned improved VOC and JSC, there remains a challenge to be 

solved for improving both values at the same time. In spite of improve JSC by narrowing the bandgap, 

VOC may be reduced due to increased HOMO level. Many groups recently reported that fine-tuning the 

chemical structure is an effective way for improving both VOC and JSC at the same time. For example, 

both HOMO and LUMO levels were decreased by introducing a fluorine atom into the TT unit, while 

enhancing VOC and retaining the overall bandgap of polymer.35 Varying the side-chain structure also 

showed a similar effect. For example, replacing the electron-rich alkoxy side chain with the less 

electron-rich alkyl chain leads to decreased HOMO and LUMO levels simultaneously.36 

Last important photovoltaic parameter for high efficiency PSC is the FF, which is currently the 

least understood one among three parameters. The FF is the ratio between the maximum obtainable 

power and the product of JSC and VOC. Many factors, such as charge-carrier mobility and balance, 

interfacial recombination, series and shunt resistances, film morphology and miscibility between the 

donor and acceptor, etc, have effect on FF.57 However, clear understanding about FF is on the debate 

and the way to optimize the FF still remains a challenge in the development of PSCs. In order to 

optimize molecular design, we should take many factors into consideration including planarity of 

polymer chain, intermolecular interactions, molecular stacking and crystallinity, and charge-carrier 

mobility in structural designs. Tuning side group in polymer chain also has significant effects on 

enhancing the FF. For example, N‑alkylthieno[3,4-c]pyrrole-4,6-dione (TPD)-based polymers 

optimize π-stacking, polymer crystallinity and material miscibility by tuning side groups, resulting in 

increased FF from 55% to 68%.58 Efficiency of 7% was recently achieved by using TPD–silole 

copolymer.40  

Developing innovative acceptors is one of the strategies to improve the PCE.59-63 For example, C70 

derivatives show better absorption in UV-visible range than those of C60. Replacing C60 derivatives 

with C70 derivatives often improves JSC by absorbing more light, leading to enhancement in PCEs. 

Moreover, innovative fullerene derivatives as the electron acceptor can enhance VOC. From the energy 
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band diagram in Figure 1.6, VOC is also determined by the LUMO level. One example is promising 

electron acceptor, C60 with an indene bisadduct. Introducing electron-rich indene units to C60 

symmetrically decreases the LUMO level by 0.17 eV, compared to PC61BM, resulting in a 40% 

improvement in VOC (0.84 V) in the PSCs with P3HT as an electron donor. Although the BHJ PSCs 

based on indene bisadduct and P3HT show high device performance, its compatibility (or miscibility) 

with other low bandgap polymers remains a challenge to be solved.   

The development of high-performance PSC materials is key issue. In 2010, different researchers 

independently synthesized TPD–BDT copolymer with same structural design. However, overall 

device efficiencies are significantly different in the range of 4.1–6.8% which is attributed to the 

differences in material quality and device fabrication techniques.64-66 This suggests that interactive 

collaboration between researchers is important for commercialization of PSCs by optimizing materials 

design and device fabrication processes. 

 

 

 

Figure 1.6. The operating mechanism and energy band diagram of PSCs. 
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1.3.2 Interfacial engineering  

There are two types of device architectures in the PSCs (conventional and inverted architecture). In 

the conventional structure, ITO anode and low-work function metal cathode (commonly, aluminum) 

are used for electrode and the BHJ active layer is sandwiched between them. Since the low work-

function metal is easily oxidized in air atmosphere, major concern is fast device degradation.67 To 

improve the air stability, researchers invented an inverted structure. Metal oxides such as TiO2 and 

ZnO are used as electron transport (ETL)/hole-blocking layer (HBL) which are introduced between 

ITO and the active layer to selectively extract electrons and block holes. In addition, high-work 

function metal (commonly, gold) is used as the top electrode on the active layer for hole extraction 

due to better air stability. In both device architectures, electrical contact and compatibility at the 

interface of the organic active layer/electrodes is a key factor that have effect on three photovoltaic 

parameters (JSC, VOC, and FF). One important factor to determine FF is the series resistance (Rs), 

which is affected by the bulk resistance within respective layers and the contact resistance between 

layers. Another factor for high FF is the shunt resistance (Rsh), which is affected by the quality of the 

respective functional layers and their interfaces.68 Small Rsh is caused by charge-carriers 

recombination loss through leakage pathways including pinholes in the films and the recombination 

and trap site of the charge-carriers during their transport through the device, resulting in a decrease in 

device efficiency.68 It is essential to improve charge transport and reduce charge-carrier recombination 

loss across DA interfaces in BHJ structure. Contact resistance between layers should be minimized to 

reduce series resistance, which is critical for determining the FF and thus the PCE. Moreover, 

physical properties such as wetting between organic and inorganic layers and adhesion are essential 

for high device performance and long lifetime. However, the effect of the electrode/organic layer 

interface on film morphology and charge extraction/recombination properties has often been 

neglected in OSC development. Interface engineering can passivate charge trap states, control energy 

level alignment, improve charge extraction, optimize active layer morphology, improve materials 

compatibility, alter work functions of electrodes in an OSC to optimize VOC, and ultimately allow the 

high performance OSC.68 
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Interfacial engineering for PSCs with conventional structure 

 

In order to reduce the contact resistance at the active organic layer/electrode interface, the ITO 

electrode modification with organic or inorganic electron transport layer (ETLs) has been commonly 

introduced. The device characteristics of PSCs introducing different interfacial layers are summarized 

in Table 1.1.  

 

Table 1.3. Device characteristics of representative conventional PSCs introducing different interfacial 

layers.  

 

 

In conventional architecture using ITO as the anode, a thin film (~50nm) of conductive 

PEDOT:PSS as hole transport layer (HTL) is commonly used to smooth the roughness of ITO 

electrode and increase its work function for effective hole extraction.69
 In spite of many advantages of 

PEDOT:PSS, its electrical inhomogeneity limits electron blocking capability and its acidity is harmful 

for device stability by chemical instability at the ITO/PEDOT:PSS interface.70-72 Therefore, better 

HTLs should be developed for enhancing device stability. Replacing PEDOT:PSS with new thermally 

robust HTL/EBL buffer layer showed significant improvements in device efficiency developed by 

Hains et al..73 Li et al. have reported the use of sulfonated poly(diphenylamine) (SPDPA) as a HTL 

for PSCs. The introduction of SPDTA improves the device performance by better ohmic contact at the 

anode junction originating from enhancements in crystallinity and hole mobility of upper P3HT 

layer.74 High electrical conductivity and well-matched work function (~5 eV) with HOMO level of  

donor polymers of carbon nanotubes (CNTs), which acts as an interfacial layer, improved hole 

transport property of PSCs.75
 Chaudhary et al. have investigated the effect of CNT networks on device 

performance in P3HT:PCBM-based PSCs. The devices showed remarkable improvements in device 

efficiency when CNT network was incorporated into ITO/PEDOT:PSS or PEDOT:PSS/BHJ 
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interface.76 In addition, oxidized single-wall and multiwall CNTs have potential to replace 

PEDOT:PSS with these CNT as hole transport layer in PSCs.77 In order to improve device 

performance, self-assembled monolayer (SAMs) with a permanent dipole moment have been 

introduced on top of ITO electrode to tune the work function of ITO.78, 79 Various SAMs based on 

silane functional group with different end units (-CH3, -NH2, -CF3) have been employed on top of ITO 

electrode prior to spin-casting the active layer.78 The SAM with the electron withdrawing CF3 group 

(EWG) can effectively increase the work function of ITO from 4.7 to 5.16 eV, leading to a better 

match with the HOMO level of P3HT for efficient hole collection. In addition, the morphology of the 

upper active layer affected by the change in surface energy by SAM. The hydrophobic surface 

induced by EWG (CF3) alleviated destructive phase segregation and crystallization of the upper 

P3HT:PCBM film. As a result, even though there is no PEDOT:PSS layer, the devices with SAM 

including -CF3 EWG show efficiencies as high as 3.15%. Thin layer of polytetrafluoroethylene 

(PTFE)-coated ITO electrode can also form interfacial dipoles, leading to effectively increased work 

function of ITO and thus higher performance, compared to that of the device without PTFE.80 

Transition metal oxides such as vanadium oxide (V2O5), molybdenum oxide (MoO3), nickel oxide 

(NiO), and tungsten oxide (WO3) have also been introduced as hole-transporting/electron-blocking 

buffer layers to reduce the interfacial resistance between ITO and active layer in the conventional 

PSCs.81-83 Large bandgap of these metal oxides induce no light absorption in visible and near infrared 

range due to good optical transparency, which allows incident light from ITO anode reaching to the 

active layer. Besides, sufficiently higher conduction band of these p-type metal oxides than the 

LUMO of organic BHJ materials effectively blocks electron transport to the ITO anode. The Fermi 

level of these oxides well matched with the HOMO of the donor polymer, forming ohmic contact at 

the anode along with reduced contact resistance. Consequently, good diode characteristics with an FF 

of 70% can be established in PSCs using optimized metal oxide layers, which is significantly better 

than that using PEDOT:PSS as the buffer layer. Ultrathin silver oxide (AgOX) (~ 1nm) treating Ag 

layer on ITO with oxygen plasma can improve the interfacial property between the ITO and 

PEDOT:PSS.84 The presence of the AgOX (5.0 eV) interfacial layer at ITO/PEDOT:PSS interface 

facilitates hole collection from ITO to PEDOT:PSS, resulting in improvement of device performance. 

Interfacial engineering at top metal cathode is also critical for enhancing the performance of 

conventional PSCs. For electron collection, conventional PSCs used low-work-function metals, such 

as Al (4.3 eV) or Ca/Al (2.8 eV), via thermal evaporation. The dipole moment formed within thin LiF 

layer at the interface of the active layer and Al facilitates electron collection and thus enhances device 

efficiency.85 Recently, replacing LiF with solution-processable poly(ethylene oxide) buffer layer can 

effectively control the interface property, enhancing the VOC in PSCs.86 Conjugated polyelectrolytes 

(CPEs) as interfacial layer, which is dissolved in water or alcohol solvent, have shown enhancement 
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in electron injection and thus device efficiency in OLEDs. Among many CPEs, water-soluble 

polyfluorene derivative (WPF-oxy-F) was used as an efficient interfacial layer in the PSCs. using a 

between the active layer and Al cathode.87, 88 This CPE effectively reduces the work function of Al 

and facilitates electron transport from the active layer to the cathode. As a result, the PSCs with CPE 

layer show comparable device performance to those of the devices with LiF/Al or Ca/Al as cathode. 

This approach is useful for the future application to flexible display. Self-organized interfacial layer 

without any treatments have also been considered as a promising approach for cathode modification. 

Wei et al. have reported that addition of small amount of fluorinated fullerene derivative into the 

P3HT:PCBM active layer caused spontaneous location of fluorinated fullerene derivative at the film 

surface of the active layer during spin-coating due to the low surface energy of the fluorocarbon.89 

The resulting interfacial dipole formed between the fluorinated fullerene and Al cathode effectively 

lowered the work function of Al for better alignment with the PCBM energy level. Improved 

electrical contact at interface reduced the series resistance of PSCs and thus enhanced device 

efficiency. The introduction of a thin film (< 3 nm) of polydimethylsiloxyne-block-poly(methyl 

methacrylate) (PDMS-b-PMMA) block-copolymer at the interface between the active layer and Al 

electrode passivates surface defects and reduce recombination sites of the active layer, leading to 

improvement in device efficiency.90 Titanium oxide (TiOX) prepared from sol–gel method has 

received great attention as an electron transport/hole blocking layer at the interface of Al electrode/the 

active layer.91, 92 In addition to electron transport layer, TiOX act as an optical spacer and oxygen 

scavenger. These many advantages of TiOX finally lead to remarkable enhancement in device 

performance and air stability. The BHJ PSCs with TiOX layer based on PCDTBT:PC71BM blend film 

exhibits PCEs of 6%.33 In addition, Cs-doped TiO2 layer further lowers the work function of TiO2 and 

then facilitates electron transport/extraction. By employing Cs-doped TiO2 layer into P3HT:PCBM 

PSCs, device efficiency was higher than that of the device with pristine TiO2 layer.93 Similar to TiOx 

buffer layer on top of the active layer, ZnO layer was incorporated onto the active layer via solution 

process as an electron transport/hole blocking layer. Because of similar conduction band of ZnO (4.3 

eV) with LUMO level of PCBM (4.3 eV) and deep valence band of ZnO, it facilitates electron 

transport from the active layer to electrode and prevents hole transport to the cathode. Apart from 

abovementioned advantages, ZnO possessed high electron mobility, compared to organic materials.94, 

95 SAM treatment on ZnO layer can easily tune the electrical and interfacial properties.96, 97 This 

approach is simple way to control the interface of ZnO/metal cathode. SAM-treated ZnO layer is 

easily prepared via spin-coating method. The direction of dipole moment between SAM and electrode 

has strong effect on the device performance (Figure 1.7).98, 99 Schottky contact between ZnO layer and 

metal electrode caused by unfavorable direction of dipole moment leads to poor device efficiencies, 

whereas favorable direction of dipole moment within SAM gives rise to ohmic contact and thus 
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remarkable enhancement in device performance. Because of strong dipole moment of SAM, high 

work function metals can be used as metal cathode and showed high device efficiency. Fine-tuning 

the work function by SAM offers the possibility low-cost and flexible PSCs via solution process 

because of easy deposition of thin film Ag electrode printed from its precursor solutions. 

 

 

 

 

Figure 1.7. a) Device architecture of the polymer solar cell with SAM-modified ZnO/metal bilayer 

cathodes. b) Schematic illustration of the energy level diagram of the devices with i) ZnO/Metal 

cathode and ii) ZnO/SAM/Metal cathode. c) The current density–voltage characteristics and power 

conversion efficiencies of polymer solar cells with and without SAM-modified ZnO/Metal cathodes 

measured under AM1.5 illumination with a light intensity of 100mWcm-2. 
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Interfacial engineering of PSCs with inverted structure 

 

Inverted PSCs have received great attention after first application in 2006.100-102 Compared to 

conventional PSCs, inverted PSCs have inverse electrodes. This implies that bottom ITO and top 

metal electrode are used as the cathode and anode, respectively. Electron transport/hole blocking layer 

is often introduced on top of ITO electrode for efficient electron collection at cathode. Conversely, 

hole transport layer/electron blocking layer can be applied the interface between the active layer and 

top metal electrode for efficient hole collection at anode. Therefore, types of buffer layers and their 

electrical, optical, and physical properties have effect on the device performance in inverted PSC. The 

device characteristics of representative inverted PSCs with different interfacial layers are summarized 

in Table 1.2.  

 

Table 1.4. Device characteristics of representative inverted PSCs introducing different interfacial 

layers. 

 

 

Surface modification of ITO electrode with alkali metal salts to can tune the work function of ITO. 

In particular, cesium carbonate (Cs2CO3) effectively reduces the work function of ITO electrode.103, 104 

First inverted PSCs based on P3HT:PCBM active layer showed PCE of 2.1% by employing Cs2CO3 

(prepared via spin-coating or thermal evaporation) as electron transport layer and V2O5 as hole 

transport layer.100 Furthermore, optimized thermal treatment of solution-processable Cs2CO3 enhanced 

the PCE up to 4.2% in inverted PSCs.104 Thermal annealing above 150 °C led to decomposition of 

Cs2CO3 into cesium oxide (Cs2O). This remarkable improvement in device performance is attributed 

to efficient electron collection resulting from reduced work function of ITO from 4.7 to 3.06 eV. In 

addition, PEDOT:PSS layer coated via spray method can replace top metal anode due to high work 

function of PEDOT:PSS which enable low-cost and large-area fabrication via various printing 
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techniques such as ink-jet print and roll-to-roll method.105 Recently, TiO2 and ZnO layers are widely 

used as electron transport/hole blocking layer in inverted PSCs. Titanium oxide (TiOX) prepared from 

sol-gel method can be also used as electron transport layer on top of ITO electrode in inverted 

PSCs.106 In spite of amorphous structure of TiOX, this layer can improve charge-carrier mobility and 

conductivity. Therefore, there is no thermal annealing treatment at high temperature, leading to device 

fabrication on plastic substrate. In addition, because conduction band (4.4 eV) of TiOX is well 

matched with LUMO level of PCBM, TiOX layer plays an important role as an efficient electron 

transport layer. Thin layer of polyoxyethylene tridecyl ether (PTE) is introduced into the interface 

between ITO electrode and TiOX layer. Improved physical adhesion between the electrode and TiOX 

layer by PTE layer improved compatibility and reduced interfacial resistance, leading to enhanced 

device efficiency of 3.6%.107 Compared to crystalline TiO2, because TiOX layer is amorphous, this has 

lower electron mobility which hamper the fabrication of high-performance PSCs. However, Thermal 

annealing at high temperatures over 400 °C is required to make crystalline TiO2 film from amorphous 

TiOX film. Paradoxically, thermal treatment is not suitable for the device fabrication on flexible 

plastic substrates via roll-to-roll manufacturing. Although intensive effects have been made to use n-

type metal oxides (TiO2 and ZnO) as an electron transport layer for high-performance inverted PSCs, 

the formation of ohmic contact between the anode and the active layer is critical by employing new 

hole transport materials. In order to make ohmic contact between metal electrode and the active layer, 

transition metal oxides, such as WO3 and MoO3, have been deposited via thermal evaporation. These 

metal oxides are used as an hole transport layer for enhancing the interfacial contact and thus exhibit 

PCE of 2.6%.108, 109 In spite of poor device efficiency of 1.9%, semitransparent inverted PSCs was 

developed by using transparent MoO3/ITO electrode instead of opaque MoO3/Ag electrode and offer 

the possibility for application to power-generating windows.110 Apart from PEDOT:PSS which is 

widely used as an hole transport layer, one of the alternatives is a self-doped SPDPA. Because 

SPDPA has high work function of 5.25 eV, this can be used as an hole transport layer. Inverted PSCs 

with SPDPA layer showed a PCE of 3.91% by controlling the SPDPA thickness and using different 

metal electrodes.111 SAM is also effective layer to modify the interface between inorganic metal oxide 

and organic active layer in inverted PSCs.112 Various SAM with different dipole functionalized with 

carboxylic acid group can tune the interfacial contact, exciton dissociation efficiency, and energy 

level offset between organic active layer and inorganic metal oxide.113 Jen et al., SAM-treated TiO2 

on top of ITO substrate has been used as electron transport layer together with the PEDOT:PSS 

underneath the top Ag anode as hole transport layer in inverted PSCs based on P3HT:PCBM. There 

are interfacial defects at the between inorganic metal oxide and organic active layer, leading to 

charge-carrier recombination loss and thus poor device performance in inverted PSCs. This trap-

assited recombination loss can be reduced by employing fullerene-based SAM (FSAM) (Figure 1.8). 
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This FSAM plays an importance role for enhancing exciton dissociation efficiency by increasing 

interfacial area and passivating surface defects of metal oxide. The PSCs employing FSAM-treated 

TiOX layer led to 35% improvement in device efficiency, compared to that of the device without 

modification.114
 

 

Figure 1.8. Device architecture of fullerene-based SAM-modified inverted solar cell and schematic 

drawing of different electronic processes at the organic/inorganic interface. 

 

Since ZnO layer has similar energy levels to TiO2, ZnO layer can be used as electron transport/hole 

blocking layer in inverted PSCs. Compared to organic materials, higher electron mobility of ZnO 

layer is advantageous for improving the performance caused by decreased electrical resistance. The 

ZnO layer deposited on ITO cathode via sol-gel method is efficient electron transport layer in inverted 

P3HT:PCBM PSCs.102 In this study, thermal treatment at high temperature increased the ZnO 

crystallinity and thus electron mobility. The oxidation of thin Ag electrode under air atmosphere 

converted Ag into AgOX, resulting in the increase of Ag work function close to the HOMO energy 

level of P3HT. The inverted PSCs with AgOX showed high PCE of 2.97%. The introduction of 

molybdenum oxide (MoO3) as hole transport layer at the interface of the active layer/Ag top electrode 

improved device efficiency up to 3.09%.115 The work function of ZnO layer can be easily tuned from 

4.2 to 3.95 eV by controlling the doping concentration of Mg into ZnO layer. It is found that the VOC 

in P3HT and Mg-doped ZnO bilayer device is systematically changed by varying the amount of Mg in 

ZnO layer.116 There are many reports that show high-performance PSCs using ZnO electron transport 

layer. Although crystalline ZnO layer is required to obtain high electron mobility and device 

performance, thermal treatment at high temperature for crystalline ZnO layer hinders the application 

of ZnO to plastic substrates. Therefore, an effective method to make ZnO with high electron mobility 

is required without thermal annealing treatment. The ZnO layer deposited via spin-coating method at 

room temperature exhibits comparable electron mobility with crystalline ZnO annealed at high 

temperature. This ZnO layer was introduced to flexible inverted PSCs as electron transport layer and 
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showed high device efficiency.117 Similar to FSAM-treated TiOX, ZnO layer modified with FSAM 

showed the highest PCE of 4.9% in inverted PSCs based on P3HT:PCBM active layer. 118 All-

solution-processed inverted PSCs is another key issue for mass production via various printing 

techniques.119 The deposition of Ag NPs instead of top Ag electrode via spray method is promising 

technique for all-solution-processed device fabrication without vacuum systems.120, 121 Uniform Ag 

NPs over the whole device can be made by optimizing the coating condition. Resulting Ag electrode 

showed low sheet resistance and devices with spray-coated Ag NPs electrode exhibited a PCE of 3%. 

This value is comparable to that of the device with Ag electrode deposited via thermal evaporation.120 

Recently, fabrication of ITO-free device is another issue due to high-cost of ITO electrode. Device 

efficiency improved up to 3% by using ZnO as electron transport layer and PEDOT:PSS as 

cathode.120 This efficiency is Because conducting PEDOT:PSS electrode is not necessary to apply 

post treatment such as high temperature thermal treatment, this is compatible with plastic substrates 

for making flexible solar cells. As a result of bending test, ITO-free PEDOT:PSS electrode showed 

excellent mechanical stability. In other words, the device with PEDOT:PSS and ITO electrode 8% 

and 50% decrease in PCE, respectively.  

 

 

1.3.3 Surface plasmon resonance effect 

 

Plasmonic metallic structures are characterized by their strong interaction with resonant photons 

through an excitation of surface plasmon resonance (SPR). SPR can be described as the resonant 

photon-induced collective oscillation of valence electrons, established when the frequency of photons 

matches the natural frequency of surface electrons oscillating against the restoring force of positive 

nuclei. The resonant photon wavelength is different for different metals. For example, gold, silver, and 

copper nanostructures exhibit resonant behavior when interacting with ultraviolet (UV) and visible 

(vis) photons. Because a large fraction of the abundant solar flux consists of UV-vis photons, these 

noble metals are of particular interest. The resonant wavelength and SPR intensity depend not only on 

the nature of the metal, but also on the size and shape of metallic nanostructures.122-125 By 

manipulating the composition, shape and size of plasmonic nanoparticles, it is possible to design 

nanostructures that interact with the entire solar spectrum and beyond (Figure 1.9).126, 127  
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Figure 1.9. Normalized extinction spectra of a) different metal NPs, b) NPs with different shape, and 

c) Ag nanocubes with different size.  

 

Plasmonic structures can offer at least three ways of reducing the physical thickness of the 

photovoltaic absorber layers while keeping their optical thickness constant.128 First, metallic 

nanoparticles can be used as subwavelength scattering elements to couple and trap freely propagating 

plane waves from the Sun into an absorbing semiconductor thin film, by folding the light into a thin 

absorber layer (Figure 1.10a). Second, metallic nanoparticles can be used as subwavelength antennas 

in which the plasmonic near-field is coupled to the semiconductor, increasing its effective absorption 

cross-section (Figure 1.10b). Third, a corrugated metallic film on the back surface of a thin 

photovoltaic absorber layer can couple sunlight into SPP modes supported at the metal/semiconductor 

interface as well as guided modes in the semiconductor slab, whereupon the light is converted to 

photocarriers in the semiconductor (Figure 1.10c). 

 

 
Figure 1.10. a) Light trapping by scattering from metal nanoparticles at the surface of the solar cell. 

Light is preferentially scattered and trapped into the semiconductor thin film by multiple and high-

angle scattering, causing an increase in the effective optical path length in the cell. b) Light trapping 

by the excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor. 

The excited particles near-field causes the creation of electron–hole pairs in the semiconductor. c) 

Light trapping by the excitation of surface plasmon polaritons at the metal/semiconductor interface. 
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Metal nanoparticles 

The introduction of metal nanoparticles is an effective strategy for enhancing the performance of 

polymer solar cells because of its easy application to device fabrication. Various designs using metal 

nanoparticles have been extensively explored for inorganic solar cells.128 In OSCs, metal 

nanoparticles with different types, concentrations, shapes, sizes, distributions, etc. have been 

introduced into various layers and at interfaces within the devices.129, 130 

 

Metal nanoparticles outside the active layer 

 

Device structure of OSC with metallic nanoparticles outside the active layer(s) is as shown in 

Figure 1.11a. Various method such as vapor phase deposition, pulse-current electrodeposition, and 

thermal annealing, have been used to deposit metal nanoparticles on ITO or inside a PEDOT:PSS 

buffer layer.131-133 Metal nanoparticles synthesized by chemical method were assembled on top of or 

embedded in a PEDOT:PSS layer (Figure 1.11 b).134-136 The dependence of the localized surface 

plasmon resonance (LSPR) on the size and composition of the nanoparticles have been investigated, 

and there were many reports on the enhancement in the PCE of OSCs by LSPR of metal nanoparticles. 

For instance, the PCEs of OSCs based on P3HT:PCBM as the active layer were increased by 20~70% 

by adding Ag or Au nanoparticles within the PEDOT:PSS buffer layer.135, 137 As shown in Figure 1.11c, 

LSPR effect of Au nanoparticles enhanced the photocurrent by increasing light absorption in the 

active layer. The addition of Au nanoparticles (~15 nm in diameter) into PEDOT:PSS layer led to the 

enhancement in PCE from 1.99% to 2.36% in OSC based on poly(2-methoxy-5(20-ethylhexyloxy)-

1,4-phenylenevinylene (MEH-PPV) as the active layer.138 In order to enhance the plasmon excitation 

and far-field scattering, Au nanowire and nanomeshes with random distribution were also introduced 

at the interface between PEDOT:PSS and ITO layers, and improved PCE (Au nanowires: 2.31% → 

2.45%, Au mesh: 1.9% → 3.2%).139 The introduction of a mixture of Ag and Au nanoparticles (40~50 

nm in diameter) into PEDOT:PSS layer showed a PCE of 8.67% in OSC based a polythieno[3,4-b]-

thiophene/benzodithiophene (PTB7) and PC71BM. Cooperative plasmonic effect from dual resonant 

enhancement of Ag and Au nanoparticles resulted in 20% increase in PCE, and this enhancement was 

larger than those of devices with only Ag or Au NPs in same buffer layer.140  
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Figure 1.11. Metal nanoparticles outside the active OSC layer: a) Conceptual illustration of a 

plasmonic-assisted OSC with nanoparticles outside the active light-harvesting layer. b) SEM image of 

an anodic buffer layer consisting of Au nanoparticles (white dots) embedded in PEDOT:PSS. c) 

Current density versus bias (J-V) characteristics of polymer solar cells with (plasmonic device) and 

without (reference device) Au nanoparticles dispersed in the PEDOT:PSS layer. 

 

Recently, surface modification of metal nanoparticles for manipulating chemical and electrical 

properties led to the enhancement in PCE and device stability.141, 142 For example, plasma-polymerized 

fluorocarbon (CFx)-modified Ag nanoparticles embedded at the interface between ITO and OSC 

layers enhanced the PCE of a zinc phthalocyanine (ZnPc): fullerene-based OSCs from 2.7% to 3.5%. 

This enhancement was attributed to increased light absorption in the active layer due to broadband 

scattering from the Ag nanoparticles. The CFx played important role to improve charge collection at 

the electrode/organic interface due to an increase of 1 eV in the work function of the modified 

electrode. In addition, metallic nanoparticles or clusters were also applied to enhance the PCE of 

tandem solar cells. Originally, Forrest’s group proposed that metallic clusters (5 nm-diameter Ag 

clusters) can be effective recombination centers for electrons and holes at multiple junction interfaces 

of tandem solar cells.143 More recently, metallic nanoparticles act as a sub-wavelength scattering 

element which couples and traps freely propagating plane waves in the absorbing OSC layers.144 For 

instance, Au nanoparticles (~72 nm in diameter) were deposited in the interconnecting layer of an 

inverted tandem polymer solar cell consisting of a cell based on a P3HT:indene-C60 bis-adduct 

(IC60BA) and another based on poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-

(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT):PC71BM, and resulted in an enhancement of PCE from 

5.22% to 6.24%.145 In addition to light scattering effect, the introduction of the metallic nanoparticles 

can affect the electrical properties of OSC devices. For instance, PEDOT:PSS layer with Ag 

nanoparticles on top of the ITO substrate remarkably reduced series resistance, and improved the 

performance of P3HT:PCBM OSCs.146 Since the nanoparticles were located relatively far from the 

active organic layer, the absorption enhancement resulted mainly from light concentration/scattering 

from the LSPR modes of the nanoparticles rather than any near-field enhanced LSPR modes. In 

summary, when plasmonic materials including metallic nanoparticles, nanowires and nanomeshes 
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were placed outside the active light-harvesting layer, strong localized plasmon field enhancement 

and/or increased light scattering enhanced device performances. 

 

Metal nanoparticles inside the active layer 

 

Incorporation of metallic nanoparticles into the active layers can take advantage of strongly 

confined field of the LSPR and more efficient light scattering within the active layers, as shown in 

Figure 1.12. It is generally believed that small metallic nanoparticles (usually smaller than 20 nm in 

diameter) can act as sub-wavelength antennas in which the enhanced near-field is coupled to the 

absorbing OSC layer(s), increasing its effective absorption cross-section; while large nanoparticles 

(e.g., larger than 40 nmin diameter) can be used as effective subwavelength scattering elements that 

significantly increase the optical path length of the sunlight within the active layers.147-150 Because of 

solution-processability if OSCs, metallic nanoparticles are easily dispersed into the active layer. 

Tuning geometric parameters, such as the size and shape of the metal nanoparticles, can promote 

interaction between longitudinal and transverse SPP modes supported in the embedded nanoparticle 

array/chain/cluster in the active layer. It can also lead to absorption enhancement in single-junction 

and multi-junction or tandem solar cells through several different optical and electrical 

mechanisms.130, 151-153 For instance, 70 nm Au nanoparticles and 40 nm Ag nanoparticles were blended 

into bulk heterojunction solutions, increasing the PCE from 3.54% to 4.36% for P3HT:PC71BM OSC 

devices, from 3.92% to 4.54% for poly{[4,4 2 -bis(2-ethylhexyl)dithieno(3,2-b:2 2 ,3 2 -d)silole]-2,6-

diyl-alt-[4,7-bis(2-thienyl)-2,1,3-benzothiadiazole]-5,5 2 -diyl} (Si-PCPDTBT):PC71BM devices, and 

from 5.77% to 6.45%  or from 6.3% to 7.1% for PCDTBT:PC71BM devices at an optimized blend 

ratio of 5 wt% Au nanoparticles and 1 wt% Ag nanoparticles.149, 150 These relatively large metal 

nanoparticles efficiently scatter the incident light, increase the optical path length and therefore 

enhance the optical absorption as shown in Figure 1.12b.  In addition, it was proposed that large 

metallic nanoparticles can transport holes more efficiently, providing an additional contribution to the 

improved current density (see Figure 1.12 c) and PCE. Recently, larger Ag nanowires were also mixed 

with P3HT:PCBM blends and an enhancement in PCE from 3.31% to 3.91% was achieved.154 

Chemically synthesized Ag nanoplates with well-controlled shapes and mixing ratios were also 

embedded into the active layers of OSC devices and led to the enhancement of PCE from 3.2% to 4.4% 

in devices based on P3HT:PC71BM and from 5.9% to 6.6% in devices based on PCDTBT:PC71BM, 

respectively, and it was suggested that metallic nanowires and nanoplates can provide greater 

enhancement than small nanoparticles due to potentially improved electron transport and larger 

scattering cross-sectional areas.154, 155 To simultaneously achieve SPR enhancement by small 

nanoparticles and scattering effect by large nanoparticles, combination of surfactant-free Au NPs (1.5-
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20nm) and 40nm Au nanoparticles was successfully introduced into the P3HT:PCBM active layer, 

leading to the enhancement in PCE from 2.64% to 3.71%.147 In addition, simultaneous benefits of 

placing metallic nanostructures outside and inside the active layers can be possible by incorporating 

metallic nanoparticles into multiple polymer layers (e.g., buffer layers and active layers).156 Since 

there is a concern about energy loss (such as non-radiative decay, charge-carrier recombination, and 

quenching of excitons) caused by direct contact between metal nanoparticles and active layer, it is 

critical to fine tune the concentration, dispersion, and size of metal nanoparticles when incorporating 

them into the OSC active layers.157 It was reported that Ag nanoparticles tended to phase segregate 

from P3HT:PCBM polymer blends at high concentrations and resulted in decreased carrier 

extraction.158 Incorporating Au nanoparticles at the interface between P3HT:PCBM and PEDOT:PSS 

resulted in PCE enhancement from 1% to 2.4%. However, this very large enhancement in PCE does 

not seem consistent with the reported P3HT:PCBM absorption of only 30%.159 Current investigations 

have focused on the potential benefits of introducing different metallic nanoparticles (e.g., Ag, Al, Au, 

Cu, etc.) to improve device performance.160 For example, ~ 6 nm Ag or ~ 5 nm Au nanoparticles were 

introduced in poly(3-octylthiophene) (P3OT):C60 active layer, resulting in improved electrical 

conductivity and an PCE enhancement from 0.7% to 1.9%.161 Ag nanoparticles in the P3HT:PCBM 

layer improved the structural and morphological properties of the composite blend, leading to better 

device performance and device stability under air atmosphere.162, 163 On the other hand, 20 nm Cu 

nanoparticles embedded inside P3HT layers reportedly enhanced the dissociation of excitons without 

increasing the P3HT optical absorption. Although various metallic nanoparticles dispersed in active 

layer enhanced light absorption, SPR effect of metal nanoparticles on device performance were not 

fully revealed.164, 165 Therefore, the mechanism of SPR effect improving the optical and electrical 

properties of the active layer need to be further investigated when metal nanostructures (e.g., 

nanoparticles, nanowires, nanoplates, etc.) were introduced inside active layer.  

 

 
Figure 1.12. Metallic nanoparticles embedded in the active OSC layer: a) Conceptual illustration of a 

plasmonic-assisted OSC with nanoparticles embedded inside the active light-harvesting layer. b) 

Absorption spectra of the plain PCDTBT:PC71BM bulk heterojunction film and the plasmonicassisted 

bulk heterojunction fi lm with 40 nm-sized Ag clusters (1 wt%) showing the enhancement effect 
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introduced by the Ag nanoparticles. The insets show light trapping by optical scattering and excitation 

of the LSPR. c) The J-V curves of OSCs using the light-harvesting layer PCDTBT:PC71BM without 

and with Ag clusters (1 wt%) at several particle diameters (30 nm, 40 nm, and 60 nm). 

 
 

High-Order Symmetric Plasmonic Nanostructures 

Although plasmonic metal nanoparticles have many advantages such as simple synthetic route and 

solution-processability, it is difficult to control their size, shape, and monodispersity using solution 

process or electrodeposition. Periodically patterned metallic nanostructure is another effective way to 

enhance the optical absorption within organic active light-harvesting layers in OSCs. By properly 

designing plasmonic nanostructures, light can be effectively coupled to SPP modes which are strongly 

confined at the metal surface next to the thin active layer. In order to use unique and remarkable 

properties of periodic metallic nanostructures, both 1D and 2D periodic metallic nanostructures have 

been explored in various OSC designs. 

 

1D Periodic Metallic Nanostructures 

 

1D Ag gratings have been introduced into various active layer materials including P3HT:PCBM, 

alternating polyfl uorene (APFO)-3/APFOGreen5:PCBM, PCBM, and copper phthalocyanine (CuPc): 

3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI) (Figure 1.13a).166-168 SPR peak can be 

tuned from ultraviolet-visible to near IR region by controlling geometrical parameters of 1D metallic 

nanogratings that serve as top transparent anodes, back reflector cathodes or both of them.166, 169 

Recently, inverted PSCs based on P3HT:PCBM and PTB7:PC71BM active layer employed metal 

grating back nanostructures, leading to PCE enhancement (3.09% → 3.68% for P3HT:PCBM, 7.20% 

→ 7.73% for PTB7:PC71BM) (Figure 1.13b).170 The waveguide modes and plasmonic effects resulted 

in enhanced device performance, as shown in Figure 1.13c. Generally speaking, light-trapping for 

transverse electric (TE) and transverse magnetic (TM) modes are different due to the polarization 

dependence of the 1D grating nanostructures. Enhanced absorption was observed for TE polarized 

light for an inorganic and organic solar cells resulting from photonic waveguide modes, which is 

confirmed by numerical modeling results. However, SPP modes is only affected by TM mode with the 

magnetic component parallel to 1D nanogratings. The simultaneous optimization of the optical 

absorption for both polarization modes is quite challenging for general plasmonic OSC designs based 

on 1D metallic nanostructures. This strong polarization dependence could be beneficial for particular 

applications like polarized absorption filters for energy recycling in color display applications.171, 172 

In general, this polarization dependence poses a limitation for OSC applications. In addition, the 

resonant wavelengths of SPP modes of optically thick metal films significantly depend on the incident 
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light angle due to the intrinsic dispersive metal properties. Because their bandwidths are also 

relatively narrow, these are not suitable for OSC applications. Consequently, it is critical to design 

metallic nanostructures that can lead to broadband, polarization insensitive/independent, and angle-

insensitive absorption enhancement.173 2D patterned nanostructures can achieve these kinds of 

structures. 

 

Figure 1.13. 1D metallic nanogratings on an active OSC layer: a) Conceptual illustration of a 

plasmonic-assisted OSC with 1D metallic nanogratings next to the organic active light-harvesting 

layer. b) The atomic force microscopy image of 1D gratings patterned on a PTB7:PC71BM layer 

before the metal deposition. c) The J–V characteristics of the solar cell under AM1.5G illumination, 

showing that the PCE is enhanced from 7.20% to 7.73%. 

 
2D Metallic Nanostructures 

 
A straightforward approach to solve the limitation of the polarization dependence of 1D metallic 

nanostructures in the design of OSCs is utilizing 2D periodic nanopatterns with high-order 

symmetries along different in-plane directions.174 Incident light with various polarization components 

can be coupled to SPP modes in different directions along the metallic interface, leading to a 

polarization-insensitive response, which helps to increase light absorption. For example, 2D metallic 

nanovoids were introduced to enhance the coupling between localized SPP modes and J-aggregate 

excitons of organic semiconducting films.175 These 2D nanovoid plasmonic structures led to the 

enhancement in external quantum efficiency and PCE (from 0.05% to 0.2%) by applying these 

nanostructures to P3HT:PCBM OSCs. Although the extent of PCE enhancement was large, the 

absolute value of PCE was quite low compared to other systems. More recently, the introduction of 

imprinted metallic nanovoid arrays into PCBM and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b0]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT):PCBM layers led 

to optical absorption enhancement up to < 80% for PCBM layers and < 40% for PCPDTBT:PCBM 

layers.129
 Moreover, various periodic and quasiperiodic 2D nanoaperture arrays with high-order 

symmetries (e.g., square, triangular, penrose, dodeca and heptadeca-distributed nanoholes were 

fabricated using Focus Ion Beam (FIB) lithography, as shown in Figure 1.14. In order to enhance the 
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optical absorption of P3HT:PCBM layers, the back reflector or concentrator was used.176
 The 

photoluminescence signals of the OSC layers on top of the 2D high order symmetric metallic 

nanostructures showed promise for achieving polarization-insensitive and omni-directional light 

scattering. Because enhanced absorption is very narrow spectral region close to the excitation 

wavelength and metallic materials have intrinsic absorption, it is difficult to distinguish the absorption 

of OSC materials from that of the metallic nanostructures by measuring the total optical absorption of 

organic active materials with plasmonic structures. Consequently, these nanopatterned metallic 

nanostructures need to be incorporated into OSCs for full device characterization.177
 Recently, 2D 

metallic nanopatterns were incorporated in dye-sensitized solar cells, and led to PCE improvements 

(3.15% → 3.87% for ruthenium-complex sensitizers, 5.64% → 5.93% for other absorbing organic 

sensitizers). These conventional devices with the same dyes without plasmonic nanostructures surpass 

the PCE records.178 More recently, large-area periodic Ag or Au nano-triangle arrays fabricated by 

self-assembled nanosphere lithography were employed in various OSCs based on CuPc:C60, poly[[9-

(1-octylnonyl)-9Hcarbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-

thiophenediyl] (PCDTBT:PCBM) and silole–thiophene conjugated polymer (P3):PCBM as the active 

layers,  respectively.179-181 Enhancements in PCE from 0.6% to < 1.2%, from 4.24% to 4.52% and 

from 0.36% to 1.1% were experimentally obtained for the small-molecule and bulk heterojunction 

OSC devices.  

 

Figure 1.14. 2D nanoaperture arrays with high-order symmetries: SEM images of periodic and 

quasiperiodic 2D nanoaperture arrays milled in a 300 nm thick silver film. The right insets show the 

2D discrete Fourier transform power spectra for each array. The left inset in (b) shows a high-

resolution cross sectional SEM image of a polymer filled hole in the triangular array. 
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In order to improve device performance, in addition to polarization independence, broadband 

absorption enhancement from visible to near-IR solar spectrum is required. Unfortunately, resonant 

frequencies for periodic plasmonic nanostructures usually occur within a narrow spectral band.182
 This 

led some investigators to explore physical mechanisms that could lead to broadband absorption 

enhancement, and to pursue a robust predictive capability for designing and tailoring plasmonic 

nanostructures. It is well known that an optically opaque metal film exhibits only one type of SPP 

mode, namely the single-interface SPP. For thin metal films < 100 nm, the two single-interface SPPs 

interact with each other and lead to two coupled SPPs, the long-range SPP and short-range SPP.183 

The long-range mode has an asymmetric charge distribution between the top and bottom surfaces with 

the electric field predominantly normal to the surface inside the metal. Conversely, the short-range 

SPP has a charge distribution which is symmetric between the top and bottom surfaces with the 

electric field essentially parallel to the surface. As shown in Figure 1.15b, one can see that the 

bandwidth of short-range SPPs is much broader than the other two SPP modes. By introducing 1D 

and 2D patterned nanostructures into ultra-thin metal films, one can tune the short-range SPP modes 

and thus tailor the resonance spectral positions.184, 185 Recently, theoretical modeling using 3D finite 

difference time domain (FDTD) methods predicted a very broadband absorption enhancement 

throughout the visible spectrum in the P3HT:PC71BM and PCPDTBT:PCBM active light-harvesting 

polymer blends inside OSC structures. The optical absorption was estimated to be enhanced by 39% 

for a 30 nm-thick P3HT:PC 71 BM layer as shown in Figure 1.15b–d. An even larger enhancement 

(112%) was predicted for the weak absorbing 30 nm-thick PCPDTBT:PCBM layer located next to a 

20 nm-thick film of Ag nanoholes array.  

Introducing a second array of metallic nanoparticles or nanodiscs on the other side of the active 

layer, as illustrated in Figure 1.15e, led to further enhancement in the optical absorption of the active 

organic layer. The latter added another degree of freedom for spectral tuning of the optical absorption 

spectrum. The resonance of this array of nanodiscs may be tuned independently of the short-range 

SPP resonance associated with the array of metallic nanoholes on the other side of the OSC device. 

Moreover, the distance between the two nanostructures could be as small as tens of nanometers. In 

this case, the top metallic nanodisc array and the bottom metallic nanohole array would form a 

vertical nano-antenna array and support coupled modes within the gap between these two plasmonic 

nanopatterned layers. This new optimized nanostructure has been applied to design plasmonic OSCs 

based on electron donor:electron acceptor type (p:n heterojunction for an ISC) (e.g., CuPc:PTCBI) 

and bulk (e.g., P3HT:PC71BM) heterojunction solar cells, and led to an increase of 125% and 67%, 

respectively.169 The enhancement in P3HT:PC 71 BM is much larger than achieved (39%) for an OSC 

with a single layer of metallic nanoholes array. Experiments are underway to test these theoretical 

predictions. More recently, metal-polymer-metal split-dipole nano-antenna arrays were reported to 



31 

 

enhance the radiative emission rate and luminescence quantum efficiency of the P3HT material within 

the nanogap of two vertically-stacked metallic nanorods (Figure 1.15f and g).186 This metallic quasi-

3D nanostructure is believed to be beneficial for next-generation organic light emitting and light-

harvesting devices. To obtain dual SPP and LSPR resonances for broader absorption enhancement, dual 

metallic nanostructures incorporating a 1D back reflection Ag nanograting along with Au nanoparticles embedded 

inside the active layer (Figure 1.15h) were also employed in an organic solar cell based on the electron donor 

poly{[4,8-bis-(2-ethylhexyl-thiophene-5-yl)-benzo[1,2-b:4,5-b2]dithiophene-2,6-diyl]-alt-[2-(2 2 -ethyl-hexanoyl)-

thieno[3,4-b]thiophen-4,6-diyl]} (PBDTTT-C-T) and the electron acceptor PC71BM in bulk heterojunction cells. 

This led to an enhancement of PCE from 7.59% to 8.79%.187 Efforts are underway to extend 2D nanostructures to 

(quasi) three-dimensional ones to introduce further enhancement. The challenge for this 3D nanostructure would 

be the cost of fabrication which needs to be reasonably low for potential commercialization. Low-cost and large 

area nanofabrication techniques need to be pursued and developed. Optical interference and nanoimprint 

lithography have been introduced to deliver high quality, large area and inexpensive patterned nanostructures, and 

could be easily applied to photovoltaic devices.188, 189
 

 
 

Figure 1.15. New plasmonic OSC designs: a) TM polarized absorption as a function of frequency and 

silver film thickness for a corrugated silver film of 8 nm amplitude and 252 nm pitch. b~d): 

Calculations on an OSC device (e) with a patterned metallic nanoholes array (diameter D = 150 nm, 

and period P = 300 nm); b) absorption spectra of the P3HT:PC71BM with the patterned (solid line) and 

flat metal film (dotted line), and the absorption enhancement spectrum (dashed line); c) and d) are 

time averaged magnetic field intensity (| Hy |2) distributions at the SPP resonance wavelength in the x-

y c) and the x-z d) planes (the spatial mode profi le is plotted in the right panel of d)). e~h) show 

quasi-3D nanopatterns: e) is a schematic diagram of the thin-fi lm double plasmonic nanostructure 
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molecular OSC with nanodiscs and nanoholes placed next to the electron donor (CuPc) and electron 

acceptor (PTCBI) layers, respectively; f) and g) are SEM images of g) vertically oriented gold-P3HT-

gold nano-antenna arrays and g) a single element; h) cross-sectional SEM image of an OSC device 

incorporating 50 nm Au nanoparticles and back silver gratings with 750 nm period. 

 

Integration/Incorporation of Metallic Nanostructures with the Electrodes 

 

Metal films are inherently required as electrodes in almost all optoelectronic devices due to their 

excellent electrical conductivity. For instance, in light-emitting diodes and lasers they are used for 

charge-carrier injection. High work function metal films (e.g., Ag, Al, Au) are widely used as 

electrodes for organic optoelectronic devices that do not require transparent anodes and/or cathodes, 

whereas indium tin oxide (ITO) patterned glasses are typically used as transparent electrodes. In a 

recent independent study, the substrate cost (including the ITO coated glasses) was identified as the 

most important factor in the manufacturing cost of OSCs.190 In addition to the intrinsic cost limitation 

associated with the ITO layers, there are several other important drawbacks that in some cases limit 

the performance of OSCs. For instance, ITO cracks easily upon bending and is not compatible with 

flexible plastic substrates.191 The optical, electrical, and surface properties of ITO depend strongly on 

the method of deposition and cleaning.192-194 In addition, since organic semiconductors are susceptible 

to damage resulting from localized heating and/or unintentional doping by metal ions leaching from 

the electrodes, the electrical and topographic inhomogeneity of its surface combined with its 

chemically ill-defined nature are particularly problematic for OSCs.195-197 Consequently, a lower cost 

material that is abundant in nature would be desirable for use as an alternative transparent electrode.198, 

199 Recent studies have explored the dual use of metallic nanostructures as electrodes as well as for 

light trapping in order to achieve electrical and optical functionalities simultaneously. Nanopatterned 

metallic films, such as a 30 nm-thick Ag film with 1D nanoslit arrays, were employed as the front 

electrode of an OSC using CuPc:C60 as the active light-harvesting layer.200 Compared with a device 

with a flat Ag anode, the PCE was enhanced by a factor of 3.2. However, the enhanced PCE was only 

0.2%. Self-assembled nano-sphere lithography was employed to fabricate nanohole arrays on a 12 

nm-thick Ag anode of an OSC with a similar CuPc:C60 active layer and an enhanced PCE from 0.6% 

to 1.2% was achieved.180 Randomly perforated nanoholes on metal films can also function as the front 

electrode and were incorporated in an OSC structure based on P3HT:PCBM, resulting in enhanced 

incident photon to current conversion efficiency.201 By introducing nanoholes (350 nm in diameter) on 

a 30 nm-thick Ag film, the PCE was enhanced from 1.03% to 1.22% compared to a reference device 

with a fl at Ag electrode. However, the overall performance of this OSC employing the nanopatterned 

Ag electrode was not as good as the reference device using ITO. Recently, electrodes fabricated from 
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metallic nanowires using low-cost nano-imprint lithography showed promise as an alternative to ITO 

electrodes. By choosing the proper metal and optimizing the geometric parameters of the nanowire 

electrode in a P3HT:PCBM device (Figure 1.16a), one can achieve a PCE comparable to that of 

devices using an ITO electrode (< 2%).202 Even better, the PCE of a CuPc:C60 OSC with a metallic 

nanowire electrode can be enhanced (< 1.32%) compared to that using an ITO electrode (0.96%) 

(Figure 1.16b and c).203 However, for 1D patterned metallic nanostructures, the polarization 

dependence will potentially lead to weak absorption for TE polarized light.200, 202, 203 For front 

electrodes with randomly perforated nanoholes, most of the front area of the OSC device is often still 

covered by the absorbing metal film leading to inefficient collection of the incident light.180, 201 To 

address these limitations of front electrodes, a back electrode (i.e. cathode) constructed using Au 

nanoparticles on fl at Al separated by a thin-film of LiF was recently introduced in an OSC based on 

P3HT:PCBM and led to an increase in PCE from 2.8%-2.9% to < 3.6% in comparison with a 

reference OSC using a flat LiF/Al cathode.204 This increase in device performance was attributed to 

the localized SPP enhancement from the textured Au nanoparticles. In addition, 1D and 2D periodic 

nanopatterns were also introduced to excite SPP modes in these back electrodes.170, 178 More recently, 

a patterned Au anode was introduced in an OSC based on the light-harvesting layer P3HT:PCBM 

with a fl at Al cathode. This omnidirectional perfect absorber OSC structure resulted in a PCE of 

4.4%, which is 52% higher than the reference OSC using an ITO anode.205 To address the relatively 

high cost of nanofabrication, novel transparent electrodes based on metallic nanowire networks were 

also realized using bottom-up fabrication (Figure 1.16d),  and open up new avenues to control light, 

heat and mass transport at the nanoscale level. This fabrication process could be realized on plastic 

substrates, and will lead to significant reduction in manufacturing cost.206 

 



34 

 

 
 

Figure 1.16. Integration/incorporation of metallic nanostructures with the electrodes: a) SEM image 

of the Cu electrode after transfer to the PEDOT:PSS-coated substrate where the inset shows the cross-

section of the transferred metal electrode; b) schematic diagram of the fabricated molecular OSC; c) 

cross-sectional view of a fabricated device, without the 70 nm thick Ag cathode. The sinusoidal shape 

of the deposit organic films is due to their conforming to the shape and the height of the Ag nanowire 

array. The scale bar is 200 nm; d) a tilted SEM image of silver nanowire networks where the scale bar 

is 500 nm. 
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1.4 Research Overview and Objective 

Over the past several decades, polymer solar cells (PSCs) have extensively been exploited because 

of many advantages including low cost and solution processability and mechanical flexibility. Among 

many strategies for achieving high-performance PSCs with long-term stability, interfacial engineering 

and plasmonic nanostructures are promising candidates to break the 10% efficiency barrier for 

commercialization of PSCs. Specifically, enhancing electron transport and reducing the inherent 

incompatibility at the organic active layer/inorganic metal oxide interface are essential for enhancing 

the device performance. Furthermore, maximizing the light absorption capability in the active layer is 

crucial for high-performance PSCs while minimizing the thickness of BHJ films due to low carrier 

mobility of organic semiconductors. 

Various interfacial modification techniques have been made to improve the device efficiency 

including cesium carbonate (Cs2CO3), metal fluoride, and self-assembled dipole molecules. Although 

these approaches improved the device performance slightly, the interface engineering was not 

optimized. In regard of plasmonic works, there have been many reports on SPR effect not only that 

incorporate metal NPs with various size, type, and shape inside or outside the active layer, but also 

that utilize dual plasmonic effect using two different metal NPs or combining metal NPs and metal 

nanograting electrodes for enhancing device efficiency. As a result of frantic efforts, device efficiency 

of PSCs has increased to ~9%. Nevertheless, there is considerable room for enhancing the device 

performance.  

In this thesis, I focused on various interfacial engineering strategies employing novel charge 

transport layer, such as combined layer of metal oxide/ionic liquids (IL) and metal oxide/conjugated 

polyelectrolyte (CPE). Ionic dipoles within IL layer effectively influenced the work function of the 

metal oxide and thus the electron injection/transport barrier between the conduction band of metal 

oxide and the LUMO of active layer could be efficiently reduced. In addition, spontaneously oriented 

interfacial dipoles within the CPE layer lower the energy barrier for electron injection/transport and 

reduce the interfacial contact resistance and inherent incompatibility between the hydrophilic metal 

oxide and hydrophobic active layers. Surface modification of TiOX layer with fullerene-based self-

assembled monolayer (FSAM) reduced the contact resistance and inherent incompatibility at the 

metal oxide/active layer interface, resulting in an improved device performance. 

I also focused on various plasmonic materials, such as carbon dot-supported silver nanoparticles (CD-Ag NPs), 

silica-coated Ag NPs (Ag@SiO2), and solvent-mediated Ag NPs (Ag@NMP) for high-performance PSCs. 

Compared to previous plasmonic materials, CD-Ag NPs led to broad light absorption originating from the 

ensemble of plasmon coupling effect caused by clustering Ag NPs in CD-Ag NPs. Furthermore, incorporating 

Ag@SiO2 between hole transport layer and active layer led to remarkable improvement in device efficiency 

caused by increased light absorption and scattering via enhanced electric field distribution.  
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Chapter 2. Enhanced Open-Circuit Voltage by Hydrophilic Ionic Liquids in 

Polymer-Titanium Oxide Hybrid Solar Cells  

 

2.1 Research background 

Solar cells have drawn much interest due to their potential as sources of electricity for addressing 

the global energy crisis. In this context, the development of low cost solar cells has been intensively 

investigated.4, 6, 91, 207-210 One of the promising next generation solar cells is organic-inorganic hybrid 

solar cells (HSCs), which comprise conjugated polymers and inorganic semiconductors, such as TiO2, 

ZnO, and CdSe nanocrystals. These HSCs have attracted scientific as well as practical attention owing 

to their combination of the advantages of high electron affinity and stability of inorganic 

semiconductors, and flexibility of polymers.211   

Among the inorganic semiconductor materials, TiO2 have been extensively studied as an electron 

acceptor for fabricating polymer-based HSCs because it is a chemically safe, environmentally stable, 

and cheap material.208, 212 To fabricate highly efficient polymer-TiO2 HSCs, the TiO2 morphologies 

such as mesoporous structure, bicontinuous networks, nanotube array, or nanofibrous networks have 

been controlled by a variety of approaches.212-215 Furthermore, poly(3,4-

ethylenedioxythiophene):poly(stylene sulfonate) (PEDOT:PSS) between the polymer and metal 

electrode has been introduced to increase the fill factor and short circuit current.216, 217 However, these 

devices showed efficiency of ~1% due to the inherent incompatibility between the hydrophilic TiO2 

surface and the hydrophobic conjugated polymers.218 Moreover, poly(3-hexylthiophene) (P3HT), 

widely used as conjugated polymers in organic solar cells has difficulty infiltrating into the pore of 

TiO2 by spin-casting or heat treatment because P3HT chains have tendency to crystallize.219 To 

improve the device performance by reducing the inherent incompatibility, the surface modification 

methods have been introduced.112, 220, 221 These strategies utilized organic molecules for surface 

modification of TiO2, which have functional groups, such as carboxylate, phosphonate or sulfonate 

enabling to chemisorption on TiO2 surfaces. Surface modifiers at organic semiconductor/TiO2 

interface improved the interfacial energetics and surface-wetting properties, resulting in enhanced 

power conversion efficiency. 113, 221, 222 Other strategy employed a series of organic molecules with 

different dipole moments for surface modification of TiO2.
113 Molecular dipoles caused band egde 

shift in TiO2, leading to slightly increased open circuit voltage (Voc) and similar device efficiency 

compared to reference device without modification. 
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2.2 Experimental 

Materials: 1-Butyl-3-methylimidazolium tetrafluoroborate (bmim-BF4) and 1-benzyl-3-

methylimidazolium chloride (benmim-Cl) were purchased from Sigma-Aldrich Co. Molybdenum 

oxide (MoO3) (typically 99.999% pure ~100mesh) was purchased from CERAC inc. Diblock 

copolymers poly(stylene-b-4-vinylpyridine) (PS-b-P4VP) with average molecular weight of 136,000 

g/mol and 59,000 g/mol were purchased from Polymer Source Inc. Titanium (IV) tetraisopropoxide 

(TTIP) (99.999%, Aldrich Chemical Co.) was used without further purification.  

Preparation and characterization of NP-TiO2 film: Prior to NP-TiO2 layer, a compact TiO2 layer (c-

TiO2) was prepared by spin-coating from the solution of 1 wt. % TTIP in isopropanol on cleaned ITO 

substrate. For NP-TiO2 layer, PS-b-P4VP copolymers (molecular weight = 136 kg/mol and weight 

ratio of P4VP = 0.20; molecular weight = 59 kg/mol and weight ratio of P4VP = 0.30; denoted as 

136K and 59K, respectively) were used as template to fabricate the nanostructured TiO2. PS-b-P4VP 

solution (1 wt. %) was prepared in toluene (analytical grade) by stirring for 24 h at room temperature. 

Subsequently, a one equivalent of TTIP to P4VP was added to prepared PS-b-P4VP solution under 

stirring and further stirred for a day to incorporate TTIP into P4VP chains completely. The precursor 

solution was spin-coated onto c-TiO2 layer, and the films were calcined at a rate of 7 °C/min to 

450 °C in air for 2h. The films were characterized by field-emission scanning electron microscopy 

(FE-SEM) which was performed on a NanoSEM 230 (FEI) at an accelerating voltage of 10 kV 

without any metal coating.  

Device fabrication and measurement: ITO-coated glass substrates were cleaned stepwise in 

detergent, water, acetone, and isopropyl alcohol under ultrasonication for 10 min each and 

subsequently dried in an oven overnight. To prevent direct contact between the MEH-PPV and ITO 

electrode, c-TiO2 layer was formed by spin-casting TTIP solution dissolved in IPA (1 wt.%) at 5000 

rpm for 60 sec onto a cleaned ITO surface. After being dried under N2 gas for 10 min, NP-TiO2 

precursor solution was spin-coated onto the c-TiO2 layer and dried under N2 gas for 1 h. The films 

were heated at a rate of 7 °C/min to 450 °C in air and maintained for 2 h to obtain NP-TiO2 layers. 

ILs were dissolved in water with concentration of 0.1 wt. % and spin-coated onto NP-TiO2 layers, 

following drying at 120 °C for 10 min. IL molecules easily infiltrate into the pores of TiO2 during 

spin-coating of ILs solution due to small size of IL molecules compared to the pore size. The substrate 

was transferred into a glove box and the MEH-PPV solution dissolved in p-xylene (0.7 wt. %) was 

then spin-cast at 1000 rpm for 60 sec on the top of the IL layers. The sample was then heated at 

200 °C for 1h to infiltrate MEH-PPV into the pores of TiO2. Subsequently the device was pumped 

down in vacuum (< 10-7 torr), and MoO3 (5 nm) as a hole-transporting layer and Au (70 nm) as a hole-

collecting electrode was deposited on top of MEH-PPV layer in sequence. The deposited Au electrode 

area defined the active area of the devices as 13.5 mm2. Measurements were carried out with the solar 
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cells inside the glove box by using a high quality optical fiber to guide the light from the solar 

simulator equipped with a Keithley 2635A source measurement unit. The J-V curves for devices were 

measured under AM 1.5G illumination at 100 mW/cm2. 

 

2.3 Results and discussion 

Figure 2.1 shows the device structure and energy level diagram of MEH-PPV:NP-TiO2 HSCs with 

IL layers. PS-b-P4VP copolymers were used as soft templates for fabricating NP-TiO2 interconnected 

structures.222 TTIP was selectively incorporated into P4VP chains which have nitrogen-functional 

groups, and subsequently, interconnected porous TiO2 structure formed during calcination. Depending 

on molecular weight and P4VP composition, as-prepared TiO2 nanostructures are different.   

 

 

 

Figure 2.1. a) Device structure and b) energy level diagram of MEH-PPV:NP-TiO2 hybrid solar cells. 

c) Chemical structures of ionic liquids. 

   

Figure 2.2 shows the SEM images of pristine NP-TiO2 prepared from two different PS-b-P4VP 

copolymers and modified NP-TiO2 with ILs. When a high molecular weight PS-b-P4VP was used, 

NP-TiO2 structure was not fully developed because the long PS chains interrupt interconnection of 

TiO2 during calcination. Consequently, partially interconnected and particulate films were left after 

removing the copolymers (Figure 2.2a). Whereas, a highly porous three-dimensional structures were 

shown in PS-b-P4VP having smaller molecular weight (Figure 2.2d). The NP-TiO2 surfaces were 

observed negligible differences between the pristine and the IL-modified surface as shown in Figure 

2.2. 
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Figure 2.2. SEM images of NP-TiO2 with and without IL layers. a) Pristine NP-TiO2 (136K), b) 

modified with bmim-BF4, and c) benmim-Cl. d) Pristine NP-TiO2 (59K), e) modified with bmim-BF4, 

and f) benmim-Cl.  

 

The NP-TiO2 surfaces were also characterized by contact angle measurements on the substrates 

with and without IL-modification. Figure 2.3 shows the contact angles on the different TiO2 

nanostructure and IL layers. Both NP-TiO2 had a low wetting angle to DI water (< 6°) showing 

hydrophilic surface. IL-modified TiO2 surface showed an increase in contact angle which is due to the 

hydrophobic surface of IL-modified NP- TiO2. Since benmim-BF4 is more hydrophobic than benmim-

Cl, benmim-BF4-modified TiO2 surface had higher contact angle in both TiO2 cases. Increased 

hydrophobic property enable hydrophobic organic semiconductor to be compatible with the surface of 

inorganic TiO2. 

The bilayer MEH-PPV:NP-TiO2 films incorporating ILs, bmim-BF4 and benmim-Cl were 

deposited on ITO substrates and characterized by UV-vis absorption and photoluminescence (PL) 

spectroscopy.  
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Figure 2.3. Contact angle measurements on a) pristine NP-TiO2 (136K), b) with bmim-BF4-coated 

NP-TiO2 (136K), and c) benmim-Cl-coated NP-TiO2 (136K) films. d) Pristine NP-TiO2 (59K), e) 

bmim-BF4-coated NP-TiO2 (59K), and e) benmim-Cl-coated NP-TiO2 (59K) films. 

 

Figure 2.4a) and b) display the UV-vis spectra for different molecular weight of PS-b-P4VP used to 

make NP-TiO2 films, and for different ILs as interfacial layers. The optical absorption corresponds to 

a superposition of the MEH-PPV (400-600 nm) and TiO2 (< 400 nm).  

In both MEH-PPV: NP-TiO2 films, absorption intensity of MEH-PPV slightly decreases by 

inserting the IL layers. This indicates that IL reduces the amount of MEH-PPV that can be penetrated 

in the pores by flattening the surface of NP-TiO2. We can also observe the decrease in UV-vis 

absorption of MEH-PPV after infiltration treatment at 200 °C for 1h,which may be attributed to 

weight loss of MEH-PPV.223  

Figure 2.4c) and d) show PL spectra of MEH-PPV:NP-TiO2 (136K) and MEH-PPV:NP-TiO2 (59K) 

films for different ILs, and the extent of PL quenching after infiltration treatment. PL measurements 

can be used to determine the effectiveness of photoinduced charge transfer from the polymer to the 

TiO2.
211 PL emissions at 590 and 640 nm correspond the peaks of MEH-PPV. Before infiltration 

treatment, MEH-PPV:NP-TiO2 (136K) films show approximately 60 % of PL quenching and MEH-

PPV:NP-TiO2 (59K) fims exhibit 40% of PL quenching compared to that of pristine MEH-PPV film. 

These data confirm that porous TiO2 plays a role as an electron acceptor in polymer:TiO2 HSCs. 

Infiltration treatment to penetrate the MEH-PPV chains into the pores of TiO2 by heating the MEH-

PPV:NP-TiO2 film, induces nearly 80 % of PL quenching of MEH-PPV in both cases. This indicates 

that photoinduced charge transfer was effectively occurred from MEH-PPV to the TiO2.  
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. 

Figure 2.4. a) UV-vis spectra of a) MEH-PPV:NP-TiO2 (136K) and b) MEH-PPV:NP-TiO2 (59K) and 

PL spectra of c) MEH-PPV: NP-TiO2 (136K) and d) MEH-PPV: NP-TiO2 (59K) with ionic liquid 

layers. MEH-PPV:NP-TiO2 films before (solid lines) and after (dashed lines) infiltration treatment. 

Green solid line corresponds to pristine MEH-PPV film. 

 

Consequently, infiltration treatment gives rise to more PL quenching of the MEH-PPV compared to 

introduction of IL layer that implies ionic molecules within IL layers have not significant effect on 

charge transfer from MEH-PPV to TiO2 

The working principle of MEH-PPV:NP-TiO2 HSCs can be described by the following steps. 

Absorption of photons in MEH-PPV lead to the formation of bound electron-hole pairs (excitons). 

Generated excitons diffuse to MEH-PPV/TiO2 interface and charge separation occurs. Separated 

electrons and holes transport to TiO2 and MEH-PPV, and finally collect at cathode and anode, 

respectively. IL layers were used to modify the NP-TiO2 surface to fabricate MEH-PPV:NP-TiO2 HSCs. 

Figure 2.5 shows the current density-voltage (J-V) characteristics of a ITO / NP-TiO2 / (IL) / MEH-PPV 

/ Au devices tested under 100 mW/cm2 simulated AM 1.5G illumination. The NP-TiO2 (59K)-based 

reference device without the IL layers has a short circuit current density (Jsc) of 0.61 mA/cm2, an open 

circuit voltage (Voc) of 0.60 V, a fill factor (FF) of 0.37, and an overall power conversion efficiency (η) 

of 0.14 %. MEH-PPV:NP-TiO2 (59K) devices with 0.1 wt. % of bmim- BF4 and benmim-Cl in water 



42 

 

exhibits approximately ~ 80 % improved Voc of 1.05 V and 0.91 V, respectively. There was slightly 

increase in FF, which may be attributed to the reduction of inherent incompatibility between MEH-

PPV and TiO2 by IL buffer layers. Although NP-TiO2 (136k)-based reference device showed poor 

power conversion efficiency due to partially interconnected TiO2 network, we also observed ~100 % 

increase in Voc by adding IL layers. Both NP-TiO2-based devices with IL layers showed low Jsc, 

which may be ascribed to decrease in UV-vis absorption of MEH-PPV as an electron donor and 

hindrance to direct charge transfer from MEH-PPV to TiO2. Table 2.1 summarizes device 

performances of MEH-PPV/(IL)/NP-TiO2 devices. 

 

 

Figure 2.5. Current density-voltage (J-V) curves of a) MEH-PPV:NP-TiO2 (136K) and b) MEH-

PPV:NP-TiO2 (59K)-based devices with ionic liquid layers. 

 

Table 2.1. Device characteristics of MEH-PPV:NP-TiO2-based devices with different NP-TiO2 and 

ionic liquids. 

  

MEH-PPV : NP-TiO2 (136K) 

IL 
 layer 

Jsc (mA/cm2) Voc (V) FF η (%) 

None 0.58 0.42 0.30 0.07 

bmim-BF4 0.22 0.84 0.28 0.05 

benmim-Cl 0.28 0.75 0.30 0.06 

MEH-PPV : NP-TiO2 (59K) 

None 0.61 0.60 0.37 0.14 

bmim-BF4 0.33 1.05 0.43 0.15 

benmim-Cl 0.34 0.91 0.41 0.13 
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All devices with IL layers show significantly enhanced Voc, caused by ionic double layers in 

interfaces between TiO2 and MEH-PPV. Positively charged-TiO2 surface causes anions moving 

toward the TiO2/IL interface, and cations remaining adjacent to the IL/polymer interface. The electric 

field across the IL layers is redistributed into ionic double layers at the TiO2/IL interface and at the 

IL/MEH-PPV interface (Figure 2.6a).224 McGehee group has investigated the effect of interfacial 

modification with self-assembled monolayers. When the dipoles are pointing away from TiO2, the 

band edge of TiO2 shifts closer to the vacuum level of the polymer, and the gap between conduction 

band of TiO2 and HOMO of polymer increases which determine the Voc.
113 Ionic double layers 

changes the interfacial energy level by shifting the vacuum level at the MEH-PPV/TiO2 interface and 

results in improved Voc (Figure 2.6b), that is ~ 80 % enhancement in Voc compared to reference device 

without IL layers.  

 

 

 

Figure 2.6. a) Schematic illustration of MEH-PPV:TiO2 device with brief description of ionic double 

layer within IL layer. b) Schematics of band diagram of TiO2/(IL)/MEH-PPV device. 
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 We also investigated the relationship between JSC, VOC and IL concentrations using NP-TiO2 

(59K). Figure 2.7 displays the device characteristics of MEH-PPV/IL/NP-TiO2 HSCs with different IL 

concentration. We observed a noticeable trend in JSC and VOC as a function of the IL concentrations. 

The devices with the IL concentration of 0.01 wt.% showed increased JSC and decreased VOC, while an 

increase in the IL concentration to 0.1 wt.% led to a decreased JSC and increased VOC. The detailed 

data for device performances were summarized in Table 2.2. The reference device without IL layer 

exhibited a JSC of 0.61 mA/cm2, an VOC of 0.60 V, and a FF of 0.37. The calculated power conversion 

efficiency (PCE) was 0.14 %. After the addition of 0.1 wt.% of bmim-BF4 and benmim-Cl, VOC 

increased to 1.05 and 0.99 V, FF slightly increased to 0.45 and 0.43, while JSC decreased to 0.36 and 

0.28 mA/cm2, and the corresponding PCE is 0.17 and 0.12 %, respectively. For the device with 

higher IL concentration, IL molecules form ionic double layer with high density, which has strong 

effect on interfacial energy level and interrupts charge transfer from MEH-PPV to TiO2. On the other 

hand, IL molecules at MEH-PPV/ TiO2 interface have a little effect on interfacial energy level and 

mediate charge transfer at lower IL concentration.22 Although VOC and FF increased, overall PCEs 

were similar to that of reference device due to trade-off characteristic of MEH-PPV/IL/NP-TiO2 HSCs 

in JSC and VOC. 

 

 

 

Figure 2.7. Current density-voltage (J-V) curves of MEH-PPV:NP-TiO2 (59k) HSCs with different 

concentrations of a) bmim-BF4 and b) benmim-Cl. 
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Table 2.2. Device characteristics of MEH-PPV:NP-TiO2 (59k) HSCs incorporating IL layer with 

various concentrations 

 

 

 2.4 Conclusion 

 We have prepared NP-TiO2 structure from PS-b-P4VP diblock copolymer templates and 

investigated the effect of hydrophilic ILs on device performance of the MEH-PPV:NP-TiO2 HSCs. 

Our procedure provides a strategy of device design to improve VOC in polymer-TiO2 HSCs. 

Hydrophilic ILs reduce incompatibility between hydrophobic MEH-PPV and hydrophilic TiO2 surface, 

and also form ionic double layers, which consist of imidazolium cations and anions. The change in 

interfacial energy level by ionic double layers enlarges the difference of energy level between HOMO 

level of MEH-PPV and conduction band of TiO2 by shifting the vacuum level at the MEH-PPV/TiO2 

interface, resulting in nearly 80 % improvement in VOC. In our results, MEH-PPV:NP-TiO2-based 

device with IL layer showed an VOC of 1.05 V, while a JSC of 0.33 mA/cm2 due to decrease in UV-vis 

absorption and incomplete charge transfer from MEH-PPV to TiO2. The effect of IL concentration on 

device performance was investigated in MEH-PPV/IL/NP-TiO2 HSCs. For device with higher IL 

concentration, we observed decreased JSC and increased VOC that are attributable to interruption of 

charge transfer and reduced amount of MEH-PPV in the pores of TiO2, and strong change of 

interfacial energy level at the MEH-PPV/TiO2 interface by dense ionic double layers, respectively. 

Hydrophilic ILs can be promising candidate as the surface modifier in polymer:metal oxide HSCs due 

to its desirable properties of changing interfacial energy level  as well as reducing inherent 

incompatibility of organic-inorganic interface. 

 

  

ILs 
IL concent. 

(wt.%) 
Jsc (mA/cm2) 

Voc 
(V) 

FF PCE (%) 

None - 0.61 0.60 0.37 0.14 

bmim-BF4 

0.01 0.74 0.62 0.43 0.20 

0.02 0.54 0.73 0.40 0.16 

0.05 0.32 0.86 0.45 0.12 

0.1 0.36 1.05 0.44 0.17 

benmim-Cl 

0.01 0.70 0.77 0.41 0.22 

0.02 0.56 0.86 0.43 0.21 

0.05 0.37 0.94 0.45 0.16 

0.1 0.28 0.99 0.43 0.12 
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Chapter 3. Combination of Titanium Oxide and Conjugated Polyelectrolyte 

for High-Performance Inverted-Type Polymer Optoelectronic Devices 

 

3.1 Research background 

Organic semiconductor-based optoelectronic devices such as polymer solar cells (PSCs) and 

polymer light-emitting diodes (PLEDs) have attracted considerable attention because of the cost-

effective low temperature and solution-based fabrication over a large area, light weight, chemically 

tunable optoelectronic properties, and mechanical flexibility, etc.209, 225 Balanced charge injection and 

transport are a basic requirement for highly efficient optoelectronic devices. Poor electron injection 

continues to be a serious problem in realizing highly efficient PLEDs. Although there have been 

remarkable advances in conventional PSCs and PLEDs using low work function cathodes such as Ca 

or Ba,226, 227 these devices have poor air-stability and device operational lifetimes, requiring strict 

encapsulation to prevent degradation under oxygen and moisture.228, 229 In order to overcome these 

problems of conventional organic devices, inverted structures of PSCs (iPSCs) and PLEDs (iPLEDs) 

have been developed in recent years.118, 230-235 The iPLEDs often use metal oxides (such as TiO2, ZnO, 

ZrO2 and MoO3) as a charge injection/transporting layer with many advantages such as exceptional 

air-stability, low cost, non-toxicity, and high transparency. However, these metal oxide-based devices 

have intrinsic limitations because of the unbalanced charge carrier injection/transport and inherent 

incompatibility between the inorganic metal oxides and organic active layer.68, 236 The typical iPLED 

devices using ZnO and MoO3 as an electron and hole injection layer, respectively show ohmic contact 

for hole injection. On the other hand, electron injection is poor due to the large energy barrier between 

the conduction bands of the organic layer and ZnO, resulting in unbalanced charge injection/transport 

and inefficient electron-hole recombination. For iPSCs, despite the the high short circuit current (JSC), 

the devices show unbalanced charge transport/extraction and poor electrical contact between the 

hydrophobic organic layer and hydrophilic metal oxide.237-239 These problems result in a low fill factor 

(FF) and low power conversion efficiency of the devices. Therefore, enhancing electron 

injection/transport at the cathode and reducing the inherent incompatibility at the organic active 

layer/inorganic metal oxide interface are essential for balancing charge transport and reducing the 

interfacial contact resistance. Several approaches have been made to improve the device efficiency by 

interfacial modification including cesium carbonate (Cs2CO3),
231, 240, 241 metal fluoride,242, 243 and self-

assembled dipole molecules.234, 236 However, although these approaches improved the device 

performance slightly, the interface engineering was not optimized.  

Here, we demonstrate the remarkable improvement in device performance by employing a 

combination of titanium oxide (TiOx) and conjugated polyelectrolyte (CPE) (TiOx/CPE) as an electron 
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transporting layer. The TiOx/CPE layer improves the electron injection/transport at the cathode and 

blocks the hole transport to the cathode for highly efficient iPSCs and iPLEDs.  

 

3.2 Experimental 

Synthesis and characterization of CPE (FPQ-Br): The conjugated polyelectrolyte, CPE, was 

synthesized by modifying the previously reported procedures.244 FPQ-Br was prepared by Suzuki 

polymerization and a successive quaternization reaction. The neutral precursor, poly(9,9'-bis(6''-

bromohexyl)fluorene-co-alt-1,4-phenylene) (FPN) was synthesized by Suzuki coupling of 2,7-

dibromo-9,9-bis(6-bromohexyl)fluorene and 1,4-phenylenebisboronic ester using Pd(PPh3)4 in 

toluene/H2O (2:1 by volume) under heating at 80 °C for 24 h. The cationic CPE was obtained by 

treating FPN with a 30 % aqueous solution of trimethylamine in THF/methanol for 48 h. The 

quantitative quaternization was confirmed by integrating the signal intensity for -CH2X (X = 

N+(CH3)3Br-) in the 1H-NMR spectra. 1H NMR (300 MHz, DMSO) δ (ppm): 8.10-7.60 (br, 10H), 3.17 

(br, 4H), 2.96 (s, 18H), 1.6-0.9 (br, 20H). 

Fabrication and characterization of TiOx/CPE film: A TiOx precursor solution was prepared using 

the sol-gel method.91 The TiOx precursor solution was spin-cast on cleaned FTO substrates after a UV-

ozone treatment for 10 min and heated at 80 °C for 10 min in air for conversion to TiOx by hydrolysis. 

Subsequently, the 0.1 wt % CPE solution dissolved in IPA/water (1:1 (vol %)) was spin-cast at 5000 

rpm on top of the TiOx layer with a thickness of ~10 nm and then dried at 120 °C for 10 min. The 

surface property and morphology of the TiOx films with and without the CPE layer were characterized 

by contact angle measurements (DSA100) and atomic force microscopy (AFM). The AFM images 

(5μm x 5μm area) were obtained using a VeecoAFM microscope in tapping mode. The 

photoluminescence spectra of the TiOx/(CPE)/P3HT films were measured on a Cary Eclipse 

spectrofluorometer with a Xenon lamp excitation source. 

Solar cell fabrication and characterization: The iPSC devices were fabricated using poly(3-

hexylthiophene) (P3HT) as the electron donor and [6,6]-phenyl-C61butyric acid methyl ester (PCBM) 

as the electron acceptor. The prepared TiOx/CPE films were transferred to a nitrogen filled glove box 

for spin-casting the P3HT:PCBM layer. The chlorobenzene solution containing P3HT (1 wt %) and 

PCBM (0.8 wt %) was then spin-cast at 700 rpm on top of the TiOx/CPE layer. The thickness of the 

active layer was measured to be ~ 200 nm. Thermal annealing was carried out by putting the samples 

directly on a hot plate at 150 °C for 10 min in a nitrogen filled glove box. The device was then 

pumped down under vacuum (< 10–6 Torr), and the p-type MoO3 (5 nm) and Au (100 nm) electrode 

were then deposited. The area of the Au electrode defines the active area of the device as 13.5 mm2. 

Photovoltaic cell measurements were carried out inside the glove box using a high quality optical 

fiber to guide the light from the solar simulator equipped with a Keithley 2635A source measurement 
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unit. The J-V curves for the devices were measured under AM 1.5G illumination at 100 mW cm-2. The 

impedance spectra were measured using electrical impedance spectroscopy (SI 1287 Solartron). The 

oscillation amplitude of the AC voltage was maintained at 10 mV for all impedance measurements.  

PLED fabrication and characterization: The F8BT polymer layer was spin cast at 2000 rpm from a 

p-xylene solution (3.0 ~ 3.5 wt %) on the prepared TiOx/CPE film and annealed at 155 °C for 1 hour 

under nitrogen. Finally, the p-type MoO3 layer (5 nm) and Au layer (100 nm) were then thermally 

evaporated onto the polymer surface at a deposition rate of 0.3 Å s-1. The current density and 

luminance versus applied voltage characteristics were measured using a Keithley 2400 source 

measurement unit and a Konica Minolta spectroradiometer (CS-2000), respectively. All the device 

characteristics were measured under atmospheric conditions without additional device encapsulation. 

 

3.3 Results and discussion 

The TiOx layer was introduced as an interfacial layer because of the large band gap and well-

matched energy levels (valence band ~7.6 eV and conduction band ~4.0 eV) to block hole collection 

to the cathode and facilitate electron injection/transport in the inverted optoelectronic devices.245 The 

preparation of the TiOx/CPE layer is described in detail in the Experimental section (Figure 3.1a). 

The TiOx layer was prepared via a solution-based sol-gel process by following the previous 

procedures.91 The surface of the TiOx layer was modified with CPE, poly(9,9'-bis(6''-N,N,N-

trimethylammoniumhexyl)fluorene-co-alt-phenylene) with bromide counterions (FPQ-Br) by spin-

coating from an isopropanol/water solution (0.1 wt.%). The CPE structure is characterized by the 

amphiphilic characteristics with a p-conjugated main backbone with pendant ionic functionalities 

(either cationic or anionic), which have been shown recently to function as an effective electron 

injection layer in conventional PLEDs.246, 247 The ionic groups allow solubility in polar solvents such 

as alcohol and water, making it possible to prepare multilayer devices by the deposition of a CPE 

layer on top of the nonpolar organic layer. 

During the formation of the TiOx/CPE layer, the cationic conjugated polymer backbone with 

hydrophobic properties locates preferentially at the side of organic active layer, whereas the negative 

bromide counterions are located at hydrophilic inorganic TiOx.
248 This spontaneous orientation leads 

to the formation of permanent dipoles at the TiOx/active layer interface. Figure 3.1b shows that when 

the spontaneously oriented dipoles are pointing away from TiOx, the band edge of TiOx shifts closer to 

the vacuum level of the active layer. Therefore, the energy barrier for electron injection/transport 

decreases with decreasing work function of TiOx from 4.0 eV to 3.2 eV after depositing the CPE layer 

(Figure 3.2). Consequently, the TiOx/CPE layer facilitates electron injection/transport by reducing the 

energy barrier between the transparent cathode and organic active layer. 
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Figure 3.1. (a) Device architecture of inverted-type optoelectronic devices. Chemical structure of the 

CPE, cationic poly(9,9'-bis(6''-N,N,N-trimethylammoniumhexyl)- fluorene-co-alt-phenylene) with 

bromide counterions (FPQ-Br). (b) Schematic energy diagrams for flat band conditions at the 

TiOx/(CPE)/active layer junction with and without the CPE layer. 

 

 

 
Figure 3.2. Ultraviolet photoemission spectroscopy (UPS) spectra of TiOx and TiOx/CPE films. (a) 

Inelastic cutoff region and (b) Fermi edge region: Calculated work functions of TiOx and TiOx/CPE 

are 4.0 eV and 3.2 eV, respectively. 
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In addition, the surface of the TiOx/CPE layer is smoother than that of pristine TiOx as confirmed 

by atomic force microscopy (AFM) (Figure 3.3). The measured root-mean-square (rms) roughness of 

the TiOx/CPE was 2.05 nm, whereas the rms roughness of pristine TiOx was 2.80 nm. The contact 

angle measurements showed that the surface of TiOx/CPE (50 o) was more hydrophobic than that of 

pristine TiOx (33 o) as shown in Figure 3.4. The smoother and more hydrophobic surface of the 

TiOx/CPE layer improves the compatibility between the organic active layer and inorganic TiOx, and 

induces better contact between them. 

 

 

Figure 3.3. AFM images of TiOx and TiOx/CPE films. Topography and phase images of TiOx (a, c) 

and TiOx/CPE (b, d) films, respectively. 

 

 

 

Figure 3.4. Contact angle measurements of TiOx and TiOx/CPE films. 
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Utilizing the TiOx/CPE layer as an electron transporting layer, iPSCs and iPLEDs were fabricated 

using poly (3-hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and 

poly(9,9′-dioctylfluorene-co-benzothiadiazole) (F8BT) as an active layer, respectively. The device 

structure is shown in Figure 3.1a. Figure 3.5a and b show the current density versus voltage (J-V) 

characteristics and external quantum efficiency (EQE) of the iPSC with a device configuration of 

FTO/TiOx/(CPE)/P3HT:PCBM/MoO3/Au with and without the CPE layer on top of the TiOx, 

respectively. The device with the single TiOx electron transport layer exhibited a short circuit current 

(JSC) of 7.23 mA cm-2, an open circuit voltage (VOC) of 0.57 V, and a fill factor (FF) of 0.64. These 

values correspond to a power conversion efficiency (η) of 2.65 %. For the device with the TiOx/CPE 

layer, the results demonstrate remarkably improved device performance. JSC and FF increased 

significantly to 8.85 mA cm-2 and 0.70, respectively, whereas VOC was similar (0.58 V). The 

corresponding power conversion efficiency was 3.55 %, which shows a ~35 % increase in the PCE 

value compared to that of the device with the single TiOx layer. Most of the increases in the device 

efficiency resulted from the ~23 % and ~10 % enhancements in the JSC and FF values, respectively. 

This improvement in JSC is in agreement with the EQE measurements (Figure 3.5b). Table 3.1 

summarizes the data for the device performance. Obviously, the FF value of 0.70 is the highest record 

in iPSCs thus far.[15] The CPE layer minimizes the contact resistance between TiOx and the organic 

active layer due to the improved compatibility between the two layers as confirmed by electrical 

impedance spectroscopy (Figure 3.6). Upon deposition of the CPE layer, the series resistance (RS) of 

the device decreased from 1.72 Ω∙cm2 to 1.44 Ω∙cm2 and the shunt resistance (RSh) increased from 

1210 Ω∙cm2 to 2270 Ω∙cm2, resulting in the highest FF of 0.70.  

 

 

 

Figure 3.5. Polymer solar cell characterization. (a) J-V characteristics and (b) EQE of P3HT:PCBM 

inverted solar cells of FTO/TiOx/(CPE)/active layer/MoO3/Au with and without the CPE layer.  
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Table 3.1. Device characteristics of P3HT:PCBM inverted solar cells with and without the CPE layer.  
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Figure 3.6. Electrical impedance measurements for P3HT:PCBM inverted solar cells with and 

without the CPE layer.  

 

 
Furthermore, the increased JSC can be attributed to the enhanced photo-induced charge transfer and 

reduced charge recombination loss by the CPE layer, which was confirmed by the photoluminescence 

(PL) measurements of P3HT/(CPE layer)/TiOx films. More pronounced PL quenching (~25 % 

enhancement) of P3HT was measured after incorporating the CPE layer between P3HT and TiOx 

layers, indicating more efficient electron transfer from P3HT to TiOx in the presence of the CPE layer 

(Figure 3.7). This shows another possible pathway of photo-induced electron transfer from P3HT to 

TiOx, as well as from P3HT to PCBM in this iPSC structure because of the high electron-accepting 

ability of TiOx. This may also contribute to the increased Jsc value and resulting device efficiency.  

Figure 3.8a and 3.8b show the light-emitting characteristics of the iPLEDs with configuration 

FTO/TiOx/(CPE)/F8BT/MoO3/Au with and without the CPE layer on top of the TiOx, varying the 

thickness of the active layer (Tactive) from 350 nm to 900 nm. As shown in Figure 3.8c, the device 

with the single TiOx layer exhibited a luminous efficiency of 1.7 (at 8.8 V, Tactive ≈ 350 nm) - 4.3 (at 

16.0 V, Tactive ≈ 900 nm) cd A-1, and a maximum luminance of 1,750 (at 11.8 V) - 1,850 (at 20.0 V) cd 

m-2.   

In contrast, the device with the TiOx/CPE layer showed remarkably enhanced luminous efficiency 

Device configuration 
JSC  

[mAcm-2] 

VOC 

[V] 
FF 

η 

[%] 

RS 

[Ω∙cm2] 

RSh 

[Ω∙cm2] 

TiOx / P3HT:PCBM  7.23 0.57 0.64 2.65 1.72 1210 

TiOx / CPE / P3HT:PCBM 8.85 0.58 0.70 3.55 1.44 2270 
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of 18.0 cd A-1 (at 20.6 V) and a maximum luminance of 25,800 cd m-2 (at 20.8 V) with the optimized 

active layer thickness of 900 nm. In addition to the remarkable improvement in luminous efficiency 

and  maximum luminance, the device turn on voltages were also decreased substantially by 0.4 - 1.2 

V compared to those of the PLED devices without the CPE layer, as summarized in Table 3.2. The 

high luminous efficiency and low turn on voltage with the TiOx/CPE electron transport layer are 

attributed to the effectively modified work function of TiOx/CPE arising from spontaneously oriented 

dipoles, as discussed previously. Since the iPLED structure showed hole-dominant operation due to 

the F8BT/MoO3 interfacial ohmic contact,237-239 in which efficient hole injection is readily achieved, 

electron injection is relatively difficult because of the high energy barrier (~ 1.0 eV) between the 

conduction band of TiOx (4.0 eV) and the lowest unoccupied molecular orbital level of F8BT (3.0 eV), 

as shown in Figure 3.1. The CPE layer used in this device structure successfully reduced the energy 

barrier (~ 0.2 eV) for electron injection at the TiOx and F8BT interface. Furthermore, interfacial 

modification by the amphiphilic CPE layer must induce better contact between the hydrophilic TiOx 

and hydrophobic F8BT layer. 
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Figure 3.7. Photoluminescence spectra of P3HT/(CPE)/TiOx films with and without the CPE layer. 
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Figure 3.8. Light-emitting characteristics with and without the CPE layer. (a) Current density vs. 

applied voltage (J-V), (b) luminance vs. applied voltage (L-V), and (c) luminous efficiency vs. current 

density (LE-J) curves with changing thickness of the active F8BT layer (350 nm ~ 900 nm). 

 

 

Table 3.2. Light-emitting characteristics of F8BT-based iPLEDs with and without the CPE layer. 

 

3.4 Conclusion 

Interfacial engineering between the inorganic metal oxide and organic active layers using the CPE 

layer has been developed for high efficiency inverted-type organic optoelectronic devices. 

Spontaneously oriented interfacial dipoles within the CPE layer lower the energy barrier for electron 

injection/transport and reduce the interfacial contact resistance and inherent incompatibility between 

the hydrophilic metal oxide and hydrophobic active layers. The amphiphilic CPE layer provides an 

excellent alternative to interfacial engineering of the metal oxide/organic semiconductor interface in 

optoelectronic devices, such as iPSCs and iPLEDs. 

 

Device Configuration 

Maximum 
luminance 

[cd m-2] 
(at voltage) 

Maximum 
luminous 
efficiency 
[cd A-1] 

(at voltage) 

Maximum 
external 

 quantum 
efficiency 

[%] 
(at voltage) 

Turn on 
Voltage 

[V] 

TiOx / F8BT (350 nm)  1,750 (11.8 V) 1.7 (8.8 V) 0.5 (8.8 V) 2.8 

TiOx / F8BT (500 nm)  1,670 (18.2 V) 3.4 (13.2 V) 1.1 (13.2 V) 3.6 

TiOx / F8BT (900 nm)   1,850 (20.0 V) 4.3 (16.0 V) 1.4 (16.0 V) 4.4 

TiOx / CPE / F8BT (350 nm)  27,960 (13.6 V) 10.2 (13.4 V) 3.2 (13.4 V) 2.4 

TiOx / CPE / F8BT (500 nm)   32,200 (14.0 V) 14.3 (13.8 V) 4.4 (13.8 V) 2.4 

TiOx / CPE / F8BT (900 nm) 25,800 (20.8 V) 18.0 (20.6 V) 5.6 (20.6 V) 3.8 



55 

 

Chapter 4. Acid-Functionalized Fullerenes Used as Interfacial Layer 

Materials in Inverted Polymer Solar Cells  

 

4.1 Research background 

Recently, all-solution processed polymer solar cells (PSCs) have been the subject of considerable 

research efforts for their potential applications in low cost, large-area and flexible energy sources. The 

power conversion efficiencies (PCEs) of polymer:fullerene-based bulk-heterojunction (BHJ) devices 

have reached ca. 5-8% in a conventional device architecture.33, 91, 249-257 On the other hand, low work 

function metals such as aluminum (Al), calcium (Ca), and barium (Ba) as the top electrode in 

conventional thin-film devices, can be easily oxidized in air, resulting in poor temporal stability with 

deterioration in the device performance.114 To circumvent this problem, an inverted device 

architecture was suggested using air-stable high work function metals (e.g. gold) as the top anode, 

where metal oxides e.g. TiOX or ZnO, serve as an electron transporting and collecting layer on a 

transparent cathode (such as indium tin oxide, ITO etc.).106, 115, 117, 258-261 Although the inverted PSCs 

(iPSCs) showed improved device stability under air, these devices still suffer from the inherent 

incompatibility and poor electrical contact at the organic photoactive layer and inorganic metal oxide 

interfaces.107, 262  

To overcome the weak points of iPSCs, alkali metals, such as cesium carbonate 

(Cs2CO3), have been introduced as a buffer layer on ITO.104 Through morphological optimization, 

iPSCs based on poly(3-hexylthiophene) (P3HT): [6,6]phenyl-C61-butyric acid methyl ester (PCBM) 

with a Cs2CO3 interfacial layer showed an improved PCE of ~4.2%. In addition, interface 

modification of metal oxides with self-assembled monolayers (SAMs) has been employed to improve 

the active layer/metal oxide contact in iPSCs.114, 117, 120, 263 Surface energy control of ZnO by 

incorporating two different SAMs with polar NH2 or non-polar –CH3 end groups led to successful 

morphology control of the active layer, improving photocurrent and device performance.263 Fullerene-

based SAMs (FSAMs) with different anchoring groups have also been designed to tune their self-

assembling properties on metal oxides.264, 265 The use of interfacial SAMs was found to be efficient in 

facilitating charge transfer between the active layer and metal oxides, resulting in an improved fill 

factor (FF) and short-circuit current density (JSC) by reducing the contact resistance and passivating 

the inorganic surface trap sites.68, 117, 265, 266  

 In this study, carboxylic acid functionalized fullerene derivatives, 4-(2-ethylhexyloxy)-[6,6]-

phenyl-C61-butyric acid (p-EHO-PCBA) and bis-4-(2-ethylhexyloxy)-[6,6]-phenyl-C61-butyric acid 

(bis-p-EHO-PCBA), were prepared as an interfacial layer for iPSC devices. The –COOH groups in 

the PCBAs chemisorb onto TiOX, generating SAMs on the TiOX layer. An iPSC based on a thiophene-



56 

 

benzothiadiazole-based low band gap copolymer, poly(5,6-bis(octyloxy)-4-(thiophen-2-

l)benzo[c][1,2,5]thiadiazole) (PTBT) and PCBM as an active layer [29], was fabricated using FSAMs 

to modify the interface between TiOX and the organic active layer. The p-EHO-PCBA and bis-p-EHO-

PCBA SAMs reduced the series resistance (RS) and improved the wetting properties at the organic 

active layer and inorganic TiOX interface. In addition, a comparison of device characteristics with 

electroactive FSAMs and non-electroactive benzoic acid SAMs (BA-SAMs) was also studied to 

verify additional pathways for photo-induced charge transfer and charge collection to ITO. The 

inverted device with FSAMs exhibited substantially improved JSC and FF values with compared to 

the unmodified one, showing the best PCE value of 5.13% for the bis-FSAM treated photovoltaic 

device. 

 

4.2 Experimental  

Materials and instruments: All chemicals were purchased from either Aldrich or Acros and used 

without further purification. 4-(2-Ethylhexyloxy)-[6,6]-phenyl-C61-butyric acid (p-EHO-PCBA) was 

synthesized by following a previous procedure [30]. 1H NMR and 13C NMR spectra were recorded on 

a VNMRS 600 (Varian, USA) spectrophotometer. MALDI MS spectra were obtained with Ultraflex 

III (Bruker, Germany). AFM images were obtained using a Park Systems XE-100 microscope in 

tapping mode. Contact angles were measured using DSA100 (KRUSS, Germany). Photoluminescence 

spectra were measured on a Cary Eclipse spectrofluorometer with a Xenon lamp excitation source 

(Edinburgh, UK). Cyclic voltammetry (CV) measurements were performed on a Solartron SI 1287 

system. The electrochemical measurements were carried out at a scan rate of 50 mV/s under argon in 

o-dichlorobenzene containing 0.1 M Bu4NClO4 as a supporting electrolyte, relative to an internal 

ferrocene/ferrocenium standard.  

Synthesis of Bis-4-(2-ethylhexyloxy)-[6,6]-phenyl-C61-butyric acid methyl ester (bis-p-EHO-

PCBM): Bis-p-EHO-PCBM was synthesized by following the same procedure for the preparation of 

p-EHO-PCBM.267 The bis-p-EHO-PCBM fraction was separated from mono-substituted p-EHO-

PCBM (3.10 g, 34.0% yield) by silica gel column chromatography (eluent: toluene/dichloromethane, 

30:70 v/v). The eluent was concentrated under reduced pressure, redissolved in a minimal amount of 

toluene and transferred to a centrifuge tube. The product was precipitated into MeOH, recovered by 

centrifugation and treated with MeOH several times. Isolated yield: 1.41 g (15.0%, brown solid). 1H 

NMR (CDCl3, 600 MHz): d (ppm) 7.57-8.03 (m, 4H), 6.80-7.14 (m, 4H), 3.81-4.00 (m, 4H), 3.57-

3.74 (m, 6H), 2.28-2.83 (m, 12H), 1.69-1.83 (2H), 1.25-1.60 (m, 16H), 0.89-1.01 (m, 12H). MALDI 

MS (m/z): 1358 ((M+H)+•). Elemental analysis. Calcd for C100H60O6: C, 88.47; H, 4.45; Found: C, 

88.25; H, 4.30.  

Synthesis of Bis-4-(2-ethylhexyloxy)-[6,6]-phenyl-C61-butyric acid (bis-p-EHO-PCBA): To a 
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solution containing bis-p-EHO-PCBM (1.40 g, 1.03 mmol) in chlorobenzene was added acetic acid 

(100 mL) and concentrated hydrochloric acid (40 mL). The mixture was heated under reflux overnight. 

The solvent was removed in vacuo and the precipitate was collected by filtration. The crude product 

was washed with methanol and a solvent mixture of MeOH:diethylether (1:1 v/v) several times. 

Isolated yield: 1.32 g (96.0%, brown solid). 1H NMR(CDCl3, 600 MHz): d (ppm) 11.86 (br m, 2H), 

7.42-7.99 (m, 4H), 6.89-7.24 (m, 4H), 3.84-3.97 (m, 4H), 2.65-2.83 (m, 4H), 2.42-2.54 (m, 4H), 2.02-

2.16 (m, 4H), 1.71-1.81 (m, 2H), 1.31-1.56 (m, 16H), 0.91-1.01 (m, 12H). MALDI MS (m/z): 1330 

((M+H)+•). Elemental analysis. Calcd for C98H56O6: C, 88.53; H, 4.25; Found: C, 88.33; H, 4.08. 

Solar cells fabrication and characterization: An ITO-coated glass was cleaned with detergent, 

water, acetone, and isopropanol. The TiOX precursor solution prepared using a sol-gel method,91 was 

spin-coated onto an ITO substrate, annealed at 80 °C for 10 min and transferred to a nitrogen filled 

glove box. The p-EHO-PCBA or bis-p-EHO-PCBA solution in chlorobenzene (CB) (0.5 wt.%) was 

spin-coated on top of the TiOX layer (~40 nm thick). To remove physically adsorbed molecules, the 

film surface was washed with CB. The CB solution with 1,8-octanedithiol (ODT) (CB:ODT = 98:2 

(v/v)) containing PTBT (0.7 wt.%) and PCBM (1.4 wt.%) was spin-cast at 1000 rpm on top of the 

FSAMs. The thickness of the active layer was ~100 nm. Subsequently, the device was pumped down 

under vacuum (< 10–6 Torr), and the p-type MoO3 (5 nm) and Au (100 nm) were sequentially 

deposited. The area of the Au electrode defines an active area of the device as 13.5 mm2. 

Measurements were carried out inside a glove box by using a high quality optical fiber to guide the 

light from a solar simulator equipped with a Keithley 2635A source measurement unit. A mask (13.5 

mm2) made of a thin metal was attached to each cell for the photovoltaic characteristics measurements 

under AM 1.5G illumination at 100 mW cm-2. 

 

4.3 Results and discussion 

Figure 4.1 shows the synthetic routes to the carboxylic acid-functionalized fullerene derivatives, p-

EHO-PCBA and bis-p-EHO-PCBA. The synthesis of p-EHO-PCBA was previously reported and bis-

p-EHO-PCBA was prepared in a similar way.267 Briefly, the reaction of [60]fullerene and p-

tosylhydrazone compound (1) with sodium methoxide in refluxing o-dichlorobenzene afforded a 

mixture of p-EHO-PCBM (34% yield) and bis-p-EHO-PCBM. The bis-p-EHO-PCBM was 

successfully separated in 15% yield by column chromatography. To incorporate the -COOH groups, 

the ester groups of bis-p-EHO-PCBM were hydrolyzed with hydrochloric acid/acetic acid to the 

corresponding dicarboxylic acid-functionalized bis-p-EHO-PCBA (yield 96%). The carboxylic acid 

groups in the PCBAs enable chemisorption onto TiOX, producing SAMs that promote the reduction of 

the inherent incompatibility and contact resistance between the organic active layer and inorganic 

TiOX layer in the same manner as observed in dye sensitized solar cells. Both mono- and bis-p-EHO-
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PCBAs were readily soluble in common organic solvents (such as THF, dichloromethane, toluene, o-

dichlorobenzene, etc.), due to the solubilizing branched alkoxy substituents at the phenyl ring of 

PCBAs (Figure 4.1).  

 

Figure 4.1. Synthetic routes to p-EHO-PCBA and bis-p-EHO-PCBA. 

 

Figure 4.2 shows the UV-Vis absorption spectra of PCBM, p-EHO-PCBA and bis-p-EHO-PCBA in 

CHCl3, showing a strong absorption in the UV region and a weak peak around 500 nm. The 

carboxylated p-EHO-PCBA and bis-p-EHO-PCBA show similar absorption spectra with PCBM, 

indicating a similar electronic structure for the three fullerene derivatives. Figure 4.3 shows the cyclic 

voltammograms of the three fullerene derivatives. The electrochemical data can provide valuable 

information regarding the oxidation stability and allow an estimation of the relative position of the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels 

of the investigated materials. PCBM appears to have higher electron affinity than both p-EHO-PCBA 

and bis-p-EHO-PCBA. The first reduction potential (E1/2 = 0.5[Epa + Epc]) of bis-p-EHO-PCBA (-0.58 

V) was more negative than those of p-EHO-PCBA (-0.4 9 V) and PCBM (-0.48 V), relative to an 

internal ferrocene/ferrocenium standard. This is attributed to the inductive effect of the alkoxyphenyl 

groups and 56-p-electron system in the bis-functionalized fullerene. Therefore, the LUMO level of 
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bis-p-EHO-PCBA (4.22 eV) was measured to be higher in energy than those of PCBM (4.33 eV) and 

p-EHO-PCBA (4.31 eV), according to the empirical equation.268 

The donor-acceptor (D-A) type alternating copolymer, PTBT was prepared in ~87% yield by 

microwave-assisted Stille coupling between the bis-stannylated thiophene and 4,7-dibromo-5,6-

bis(octyloxy)benzo[c][1,2,5]thiadiazole. The polymerization was performed using tris(dibenzylidene-

acetone)dipalladium(0) and tri(o-tolyl)phosphine as a catalyst in dry chlorobenzene at 120~170 oC for 

50 min. The number average molecular weight (Mn) of PTBT was determined (by gel permeation 

chromatography, eluent: chloroform) to be ~30,000 g/mol (polydispersity index: 1.7) relative to a 

polystyrene standard. PTBT exhibited broad absorption covering the whole visible region, with the 

absorption maxima at 605 nm and 652 nm in film. The optical band gap (Eg) of the polymer was 

estimated to be 1.72 eV based on the onset point of the absorption spectrum in film.  

 

Figure 4.2. UV-Vis absorption spectra of PCBM, p-EHO-PCBA and bis-p-EHO-PCBA in CHCl3. 

 

 

Figure 4.3. Cyclic voltammograms of PCBM, p-EHO-PCBA, and bis-p-EHO-PCBA. 
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The iPSCs were fabricated with the following device structure: ITO/TiOX/FSAMs/PTBT:PCBM 

(1:2, w/w)/MoO3/Au, where PTBT and PCBM were used as the electron donor and acceptor, 

respectively. Figure 4.4 shows a detailed schematic diagram of the device architecture with the 

FSAMs. The TiOX layer was introduced onto ITO (cathode) because of the large band gap and well-

matched energy levels (valence band ~8.1 eV and conduction band ~4.4 eV) to block hole transport to 

the cathode and facilitate electron collection in the inverted device.91, 258 After depositing TiOX layer 

prepared by the sol-gel method, the mono- or bis-p-EHO-PCBAs solution in chlorobenzene was spin-

cast on top of the TiOX layer. During formation of the FSAMs, the hydrophilic carboxylic groups (-

COOH) chemically adsorb onto the TiOX surface, whereas the hydrophobic branched alkoxy groups 

on the opposite side are directed toward the PTBT:PCBM active layer, which modifies the surface 

properties of TiOX.114, 117  

 

 

 

Figure 4.4. (a) Device architecture and (b) energy-band diagram of PTBT:PCBM-based inverted solar 

cell with FSAMs as an interfacial layer. (c) chemical structures of PTBT and PCBM. 
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Figure 4.5a and b show the current density-voltage (J-V) curves and external quantum efficiency 

(EQE) of the PTBT:PCBM-based iPSCs with and without FSAMs. The devices with the pristine TiOX 

layer exhibited a PCE value of 3.28% with an open circuit voltage (VOC), JSC and FF of 0.86 V, 6.77 

mA cm-2 and 0.56, respectively. The device with the mono-FSAMs showed a PCE of 4.32% with a JSC 

and FF of 8.36 mA cm-2 and 0.60, respectively. The bis-FSAMs interfacial layer had a pronounced 

effect on the device performance compared to mono-FSAMs. The device with bis-FSAMs exhibited a 

PCE of 5.13% with a JSC and FF of 9.43 mA cm-2 and 0.64, respectively. Despite the interfacial 

modification with FSAMs, the VOC values showed no change compared to the device without the 

FSAMs. This is because VOC is determined mainly by the energy difference between the HOMO level 

of the donor (PTBT) and LUMO level of the acceptor (PCBM) in a BHJ structure. Table 4.1 

summarizes the detailed device characteristics. As shown in Figure 4.5b, the devices with FSAMs 

showed significantly higher EQEs in the range of 350 nm ~ 700 nm. The improvements in JSC with 

the FSAMs are in good agreement with the JSC values calculated by integrating the EQE curves (see 

Table 4.1).  

 

Figure 4.5. (a) Current density-voltage (J-V) curves and (b) external quantum efficiency (EQE) of 

PTBT:PCBM inverted solar cells with and without FSAMs. 

 

Table 4.1. Device characteristics of PTBT:PCBM inverted solar cells with and without FSAMs. 

 
Electron 

transporting layer 
JSC 

[mA cm-2] 
VOC 
(V) 

FF 
PCE 
[%] 

RS
 

[Ω cm2] 
JSC (Calc.) 

[mA cm-2] 

TiOx 6.77 0.86 0.56 3.28 4.15 6.87 

TiOx/mono-FSAMs 8.36 0.86 0.60 4.32 2.10 8.40 

TiOx/bis-FSAMs 9.43 0.86 0.64 5.13 1.46 9.46 

TiOx/BA-SAMs 7.00 0.87 0.59 3.60 1.70 6.96 



62 

 

Surface modification of TiOX with FSAMs increased the JSC and FF values significantly (0.56 à 

0.64), which is closely related to the decrease in series resistance (RS). The RS is affected by the 

contact resistance, charge transfer rate at interface and bulk resistance of the active material.68 The 

FSAMs can minimize the contact resistance between TiOX and the active layer by improving the 

compatibility between the two layers. The devices with the mono- and bis-FSAMs exhibited 

substantially lower RS values of 2.10 Ω cm2 and 1.46 Ω cm2, respectively, compared to that (4.15 Ω 

cm2) of the unmodified device. Furthermore, the remarkably increased JSC can be partly attributed to 

the enhanced photo-induced charge transfer by the FSAMs. We also fabricated the iPSC device with a 

benzoic acid (BA)-SAM as a non-electroactive interfacial layer,253 which may increase the wetting 

properties (contact angle, 98° in Figure 4.6) between the TiOX and organic active layer, but contribute 

little as an electron-transporting layer due to unmatched energy levels. The device exhibited a slight 

improvement of PCE (3.6%) with compared to the one without SAMs, showing a JSC, VOC and FF of 

7.00 mA cm-2, 0.87 V and 0.59, respectively (Figure 4.6). The different behaviors of FSAMs and non-

electroactive BA-SAMs were studied by photoluminescence (PL) measurements of the films with a 

configuration of PTBT/FSAMs or BA-SAMs/TiOX. The thickness of the PTBT layer was adjusted to 

be similar (~80 nm) with that of PSC devices. A pronounced PL quenching (~15%) of PTBT was 

observed after incorporating bis-FSAMs at the PTBT/TiOX interface compared to that with pristine 

TiOX. The film with BA-SAMs showed a negligible PL quenching relative to the one without SAMs. 

This suggests that the enhanced photo-induced charge transfer via electroactive interfacial layers 

(FSAMs) may contribute to the improvement of the photovoltaic properties by providing additional 

pathways for exciton separation (Figure 4.7). The LUMO of FSAMs (4.2-4.3 eV) was between those 

of PTBT (3.5 eV) and TiOX (4.4 eV), which makes cascade electron transfer from PTBT (near the 

interface) to TiOX/ITO via the FSAMs layer.  

 

 

Figure 4.6. Current density (J-V) curve of a PTBT:PCBM inverted solar cell with BA-SAMs. 
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Figure 4.7. PL spectra of PTBT/TiOX films with and without SAMs. The error bars represent the 

standard deviation of four independent measurements. 

 

 

 

Figure 4.8. Topography images (left side) and contact angle measurements (right side) of (a) pristine 

TiOX, (b) mono-FSAMs and (c) bis-FSAMs thin film on top of the TiOX layer.  
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To clarify the roles of the FSAMs interfacial layer in more detail, the surface morphology and 

wetting properties of the TiOX layer modified with FSAMs were also measured by atomic force 

microscopy (AFM) and contact angle measurements, respectively. Figure 4.8 shows the surface 

topography and contact angles of the pristine, mono-, and bis-FSAMs-modified TiOX layers. The 

pristine TiOX surface exhibited a root-mean-square (rms) roughness of 2.80 nm. After modification 

with the mono- and bis-FSAMs, the rms roughness decreased to 2.38 nm and 1.91 nm, respectively. 

After the surface treatments with FSAMs, a smoother surface was obtained, leading to passivation of 

the trap sites in the inorganic TiOX film. In addition, TiOX films modified with mono- and bis-FSAMs 

showed higher contact angles of 50° and 91°, respectively, than that of the pristine TiOX film (33°). 

The increased contact angles were attributed to the enhanced hydrophobicity by interfacial 

modification with FSAMs. The larger contact angle for the TiOx film modified with bis-FSAMs is 

attributed to the better surface coverage, where bis-p-EHO-PCBA with two carboxylic acid anchoring 

groups is expected to chemisorb on the TiOx layer efficiently compared to p-EHO-PCBA. The 

smoother and more hydrophobic TiOX surface by interfacial modification with FSAMs is expected to 

enhance the wetting properties with organic active layer, resulting in the improved FF and JSC. 

 

4.4 Conclusion 

In summary, the carboxylated fullerene derivatives were synthesized and surface modification was 

studied using fullerene-based SAMs as an interfacial layer between the inorganic metal oxide and 

organic active layers for efficient iPSCs. The TiOX layer modified with bis-FSAMs showed a 

smoother and more hydrophobic surface than those of the pristine and mono-FSAMs-modified TiOX 

layer. Modification of the TiOX layer with bis-FSAMs reduced the contact resistance and inherent 

incompatibility at the metal oxide/active layer interface, resulting in an improved JSC and FF, and the 

PCEs. In addition, a comparison of device characteristics with electroactive FSAMs and non-

electroactive BA-SAMs clearly indicates that the FSAMs may suggest an additional pathway for 

photo-induced charge transfer and charge collection to ITO. The PTBT:PCBM-based iPSC with bis-

FSAMs exhibited a PCE of 5.13% with JSC and FF of 9.43 mAcm-2 and 0.64, respectively. 

Carboxylated fullerene-based SAMs might be promising candidates for interfacial modification 

between the hydrophilic metal oxide and hydrophobic organic semiconductor layers in inverted-type 

optoelectronic devices, such as organic solar cells and light-emitting-diodes. 
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Chapter 5. Surface plasmon resonance of carbon dot-supported silver 

nanoparticles: Versatility in polymer optoelectronic devices 

 

5.1 Research Background 

Currently, most semiconducting optoelectronics devices (OEDs) are based on inorganic materials, 

such as GaN for light-emitting diodes (LEDs) and Si for solar cells (SCs); however, the limited 

reserves and complex processing of these materials increase the cost of device fabrication. Therefore, 

there is significant interest in thin-film OEDs that are made from alternative semiconductors, 

including ZnSe, CuInSe2, CdTe, and organic semiconductors.269-273 Among these materials, organic 

semiconductors have received much attention for use in next-generation OEDs because of the 

potential for low-cost and large-area fabrication using solution processing. Although extensive efforts 

to develop new materials and device architectures have enhanced the performance of these devices, 251, 

258, 272, 274, 275 further improvements in device efficiency are still necessary if there is to be widespread 

use and commercialization of these technologies.  

Surface plasmons are collective oscillations of free electrons in a metal at an interface with a 

dielectric164, 276.165, 260 Excitation of surface plasmons by light at the incident wavelength at which 

resonance occurs can result in strong light-scattering with the appearance of intense surface plasmon 

absorption bands and an enhancement of the local electromagnetic fields128, 277.129, 261 The coupling 

effect between excitons and surface plasmons, which is caused by the overlap of the local 

electromagnetic field of excitons in the emissive layer and surface plasmons, leads to significant 

radiative emission through effective energy transfer in polymer LEDs (PLEDs)276, 278, 279.260, 262, 263 In 

addition, metal nanoparticles can act as effective antennae for incident light to store the incident 

energy in localized surface plasmon modes and produce the photogeneration of excitons in polymer 

SCs (PSCs).128 Specifically, plasmonic PLEDs require an enhanced radiative rate without a substantial 

increase in light absorption. In contrast, plasmonic PSCs need to maximize light absorption while 

minimizing radiative decay or nonradiative losses.280 Thus, despite its strong potential for improving 

device efficiency, there are few reports on metal nanoparticles that can simultaneously enhance 

performance in PLED and PSC devices.281  

As an alternative to traditional semiconducting quantum dot nanoparticles, carbogenic 

nanoparticles (also known as carbon dots (CDs)) have recently received significant attention by virtue 

of their interesting physical, optical, and chemical properties, such as photoluminescence, 

photostability, and electron transfer behavior.282 After the early report by Sun and co-workers in 2006, 

283 significant research efforts have been expended to produce CDs with controlled dimensions and 

surface properties using many techniques, including combustion, laser ablation, microwave 
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processing, silica template methods, and deoxygenation of natural carbon sources.284-288 Photoinduced 

electron transfer can be enhanced by the surface passivation of CDs, which affords new opportunities 

to use CDs for light energy conversion and related applications.289, 290  

Here, we demonstrate highly efficient PLEDs and PSCs using surface plasmon resonance (SPR) 

enhancement with CD-supported silver nanoparticles (CD-Ag NPs). The CD-Ag NPs have several 

advantages over conventional metal nanoparticles. First, excellent electron donating capability of 

photoexcited CD enables fast reduction of metal salts to corresponding metal NPs on the surface of 

CD.289 During this process, the CD also acts as a template, leading to metal NPs-decorated surface of 

CD. Second, the synthesis of the CD-Ag NPs is simple and requires only basic equipment (i.e., a 20 

min exposure to UV lamp). Third, clustering effect of Ag NPs on the CD results in broad light 

absorption from electric field enhancement at the gap between Ag NPs without any changes of size 

and shape of Ag NPs. Fourth, because of their low-temperature solution processability, CD-Ag NPs 

are compatible with large-area, roll-to-roll mass production techniques and are suitable for printed 

electronic devices.  

 

5.2 Experimental 

Synthesis of PEG-passivated carbon dots (CD): Carbon dots were initially synthesized by 

dehydrating carbohydrates using concentrated sulfuric acid. In this case, 2.0 g of a-cyclodextrin was 

added slowly to 8.0 ml of H2SO4, to which 5.0 ml of water was added to dissolve the cyclodextrin. 

After vigorously stirring for 1 h, 40 ml of water was added to black solution. The solution was then 

centrifuged at 4000 rpm for 10 min, and the precipitate was washed twice with distilled water. A small 

amount of water and nitric acid was added and sonicated for 1 h. The resulting solution was then 

refluxed under nitrogen for 12 h and neutralized with K2CO3. After excess K2CO3 was removed by 

filtration, the suspension of carbon dots was dialyzed (SpectraPore MWCO 1,000) for 1 day to 

remove excess salts. Samples of carbon dots were passivated by diluting with one to ten parts with 

distilled water and refluxed for 72 h with poly(ethylene glycol) diamine (PEG, Mw 1,500). After reflux, 

each of the samples was put on extensive dialysis against water for 2 days. 

 

Synthesis of CD-Ag NPs: A CD and AgNO3 blend solution (1:1, w/w) in ethanol was prepared at a 

concentration of 4 mg/ml and placed in a UV quartz cuvette (1×1×5 cm). This solution was exposed 

to UV light with wavelength of 254 nm for 20 min using a 6W UV lamp (Vilber Lourmat). The cell 

was kept 3 cm apart from the light source. After UV irradiation for 20 min, the color of solution 

changed from light yellow to dark brown, implying that the reduction of Ag ions to Ag nanoparticles. 

 

Synthesis of free Ag NPs: AgNO3 was dissolved in N-methyl-2-pyrrolidone at a concentration of 4 
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mg/ml. This solution was treated with same procedure as CD-Ag NPs, except UV irradiation was 

carried out for 1 h. Free Ag NPs prepared in this manner had an average diameter of 3 nm, equal to 

the diameters of Ag NPs synthesized using CD’s. 

 

XPS and Raman spectroscopy: The functional groups of CD and CD-Ag NPs were analyzed by 

XPS (K-alpha, Thermo Fisher). Raman spectra were collected using a WITec alpha300R 

spectrophotometer using a He/Ne laser 532 nm with an intensity of 0.2 mW and integration time for 

10 s on SiO2/Si substrates.  

 

UV-vis absorption, PL, TEM, AFM, conductivity, thickness, and work function measurements: UV-

vis absorption spectra were measured on a Varian Cary 5000 spectrophotometer and steady-state PL 

measurements were carried out using a He-Cd laser operating at a wavelength of 460 nm. The size of 

CD-Ag NPs composites were measured using a JEM-2100F (Cs corrector) high-resolution 

transmission electron microscope (HR-TEM). The AFM images (2.5 μm × 2.5 μm) were obtained 

using a VeecoAFM microscope in a tapping mode. Conductivity was calculated from the resistivity 

measured by four-point-probe (CMT-SR1000N). Thickness for SY and PTB7:PC70BM films were 

measured using Surface Profiler (KLA_Tencor). Work function of PEDOT:PSS films with and 

without CD-Ag NPs were obtained via ultraviolet photoelectron spectroscopy using He I (21.22 eV) 

radiation line from a discharge lamp and a Park Systems XE-70 Kelvin Probe force microscopy in 

non-contact mode. 

 

Confocal laser scanning microscopy: We measured fluorescence emission of samples using a white 

light source (Olympus Mercury 100W). For the fluorescence enhancement experiments, 15 mW of the 

473 nm output at diode-type was used. The laser beam was focused on a sample through a microscope 

objective (100×) mounted in an inverted microscope (Olympus IX 81). 

 

Finite-difference time-domain (FDTD) calculation: Three dimensional FDTD simulations were 

performed to theoretically model the UV-vis spectra and near field distribution of the Ag-CD NPs. In 

this simulation, we assumed that the Ag NPs were uniformly distributed in the x-y plane of CD 

surface and embedded in a background medium of PEDOT:PSS. Illumination of the Ag-CD NPs was 

simulated with a linearly polarized plane wave, propagating in the k = -z direction. A grid size of 0.1 

nm was used in this simulation. 

 

ASE measurement: For ASE measurements, the third harmonic (wavelength of 355 nm) of a Q-

switched/mode-locked Nd:YAG laser (YG900, Quantel) was used as an optical pump source. The 
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pulse width and the repetition rate were 35 ps and was 10 Hz, respectively. The pumping laser beam 

was focused into a stripe-shape on the sample surface and the emission from the edge was collected 

and analyzed by a fiber-coupled USB spectrometer (SM240, CVI Laser Corp.) 

 

Fabrication and characterization of PLEDs and PSCs: A poly(p-phenylene vinylene) copolymer, 

Super Yellow (SY, Merck Co., MW =1,950,000 g mol-1) was used for the emission layer of PLEDs. A 

poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)- 

carbonyl]thieno-[3,4-b]thiophenediyl]] (PTB7, 1-Material) and [6,6]-phenyl-C71 butyric acid methyl 

ester (PC71BM, Rieke Metal Inc.) blend system was used for the active layer of the PSCs. In addition, 

poly(3-hexylthiophene) (P3HT, Rieke metal inc., MW=50,000 g mol-1, ~95% regioregularity) and 

[6,6]-phenyl-C61 butyric acid methyl ester (PCBM, Rieke Metal inc.) were used for the active layers 

in the solar cells. In addition, PEDOT:PSS (Baytron P VPAI 4083, H. C. Starck) was used for hole 

transporting layer in PLEDs and PSCs. The device architecture used for PLEDs and PSCs was 

ITO/CD-Ag NPs/PEDOT:PSS/emission or active layer/(LiF)/Al. The PLEDs and PSCs were 

fabricated using the following method: the CD-Ag NP composite solution was spin-cast at 2000 rpm 

on cleaned ITO substrates after UV-ozone treatment for 10 min and heated at 50 °C for 5 min in air. 

On top of the CD-Ag NP layer, poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid 

(PEDOT:PSS) was spin-cast at 5000 rpm for 40 s and dried at 140 °C for 10 min. For PLEDs, an SY 

solution (0.7 wt. %) in chlorobenzene was spin-cast at 2000 rpm, and LiF (0.5 nm) and Al (100 nm) 

electrodes were deposited on the emission layer under vacuum (<10-6 Torr) by thermal evaporation. 

For PSCs, a chlorobenzene solution consisting of PTB7 (1 wt. %), PC71BM (1.5 wt. %), and 1,8-

diiodooctane (2 vol. %) was spin-cast at 1000 rpm. For solar cells incorporating P3HT:PCBM active 

layers, a mixture of P3HT (1 wt. %) and PCBM (0.8 wt. %) was spin-cast at 700 rpm for the 

P3HT:PCBM PSCs on top of the PEDOT:PSS layer in a nitrogen-filled glove box and an Al electrode 

with a thickness of 100 nm was deposited on the active layer using the same conditions described for 

the PLEDs. The area of the Al electrode defines the active area of the device as 13.5 mm2. The 

electrical properties of the PLEDs were measured using a Keithley 2400 source measurement unit 

equipped with a Minolta CS2000 under ambient conditions. The current density-voltage (J-V) 

characteristics of PSCs were measured using a Keithley 2635A Source Measure Unit. The solar cell 

performance was tested with an Air Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation 

intensity of 100 mW/cm2. EQE measurements were obtained using the PV measurement OE system 

by applying monochromatic light from a xenon lamp under ambient conditions. The monochromatic 

light intensity was calibrated using a Si photodiode and chopped at 100 Hz. Masks (13.5 mm2) made 

of thin metal were attached to each cell before measurement of the J-V characteristics and the EQE. 
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5.3 Results and Discussion 

Among the many available synthetic methods283, 284, 286, 287, 291-294,267, 268, 270, 271, 275-278 we prepared the 

CDs using thermal decomposition of the oligosaccharide alpha-cyclodextrin, followed by surface 

passivation with poly(ethylene glycol) (PEG). The CDs were photoexcited with UV irradiation in the 

presence of AgNO3, which reduced the Ag+ ions to Ag NPs through electron transfer from the 

photoexcited CDs. 295 In this procedure, Ag NPs tend to form on the surface of the CDs (Figure 5.1a). 

After UV irradiation, the AgNO3/CD solution changes from yellow to dark brown, which indicated 

the conversion of Ag+ ions to Ag NPs (Figure 5.1a and Figure 5.2). The details of the CD-Ag NP 

synthesis are provided in the Methods Section. A high-resolution transmission electron microscopy 

(HR-TEM) image of the CD-Ag NPs is presented in Figure 5.1b. The CD-Ag NPs have average 

diameters and distinguishing lattice fringes of ~6 nm and 3.2 Å for the CDs and ~3 nm and 2.1 Å for 

the Ag NPs, respectively. UV-vis absorption spectra of CD-Ag NPs in solution and as thin films, in 

addition to AgNO3 and CD solutions, are presented in Figure 5.1c. After UV irradiation for 20 min, 

surface plasmon peaks of Ag NPs appear at approximately 460 nm in solution and in the film, 

whereas no specific peak for Ag NPs was observed in the control set of UV-irradiated AgNO3 or CD 

solutions. In contrast to SPR peaks of free Ag NPs with a similar size (420 nm),296 CD-Ag NPs show 

red-shifted SPR peaks at 460 nm (Figure 5.3). 
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Figure 5.1. Schematic illustration and characterization of CD-Ag NPs. (a) Photographs and 

schematic illustration of AgNO3 and CD+AgNO3 blend solutions (left) before and (right) after UV 

irradiation. (b) HR-TEM image of CD-Ag NPs. White and red circles indicate the presence of CDs 

and Ag NPs, respectively. The two parallel lines of white and red show distinguishable lattice fringes 

of 3.2 Å and 2.1 Å in CDs and Ag NPs, respectively. The scale bar is 5 nm. (c) UV-vis absorption 

spectra of CD-Ag NPs in solution and in a film compared with a CD and AgNO3 solution after UV 

irradiation. 
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Figure 5.2. Flow chart of CD-Ag NP synthesis as a function of UV irradiation time. (Left) AgNO3 

and (right) CD + AgNO3 blend solution. 

 

 

 

Figure 5.3. UV-vis absorption spectra of free Ag NPs and CD-Ag NPs in solution. The average 

diameter of both Ag NPs is ~3 nm. 

 

To explore the shift of the SPR peak and the electric field enhancement caused by the CD-Ag NPs, 

we simulated the electric field distribution using the three-dimensional finite-difference time-domain 

(FDTD) method. Figure 5.4a presents the simulated electric field intensity distribution and predicted 

extinction spectra of CD-Ag NPs as a function of the number of Ag NPs formed on the surface of the 
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CDs. According to the TEM results, there are many possibilities regarding the number of Ag NPs that 

form on the surface of each CD; therefore, we performed a simulation for varying numbers of Ag NPs 

(from 2 to 8). We observed that increasing the number of Ag NPs on the CD surface makes the 

electronic coupling between CD-Ag and Ag-Ag stronger, which leads to an electric field enhancement 

at the gap between Ag NPs (Figure 5.4a) and broadly red-shifted extinction spectra (Figure 5.4b). In 

contrast, the control simulation result of free Ag NPs without the CDs showed the highest electric 

field intensity in the vicinity of substrate with a sharp extinction spectrum at 425 nm (Figure 5.5). 

These simulation results are consistent with experimental UV-vis absorption spectra of free Ag NPs 

and CD-Ag NPs (Figure 5.3 and 5.5). Broad UV-vis absorption spectrum of CD-Ag NPs with an SPR 

peak at 460 nm is attributed to the ensemble of light absorption from clustering effect of Ag NPs on 

the CD. Furthermore, it should be highlighted that the CD-Ag NPs can tune the SPR absorption band 

without any changes of size and shape of Ag NPs while maximizing SPR effect for optoelectronic 

applications.  

 

Figure 5.4. Simulation of the electromagnetic field distribution for CD-Ag NPs. (a) Simulated 

electric field distribution (b) and extinction spectrum for CD-Ag NPs as a function of the number of 

Ag NPs on the surface of CDs. NAg indicates the number of Ag NPs attached on the CD surfaces. The 

magnitude of the enhanced electric field intensity is indicated by the color scale. 
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Figure 5.5. Simulated extinction spectrum of free Ag NPs with an average diameter of 3 nm. The 

inset shows electric field distribution of free Ag NPs. We assume that Ag NPs are located on ITO 

substrate and embedded by PEDOT:PSS. The magnitude of the enhanced electric field intensity is 

indicated by the color scale. 

 

To confirm the successful formation of CD-Ag NPs, we performed high-resolution X-ray 

photoelectron spectroscopy (XPS) and Raman spectroscopy. The XPS results provided evidence of 

nanoparticle formation, and the changes in the surface functional groups in the CDs (Figure 5.6 and 

Table 5.1). Raman spectroscopy also showed an enhanced Raman signal for the PEG groups on the 

CD surface from the formation of metal nanoparticles (Figure 5.7). Furthermore, to elucidate the 

effect of CD-Ag NPs on the fluorescence of the emissive polymer layer, we performed various 

measurements, including steady-state photoluminescence (PL), PL quantum efficiency (PLQE), 

confocal laser scanning microscopy (CLSM), time-correlated single photon counting (TCSPC), and 

amplified spontaneous emission (ASE) behavior.  
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Figure 5.6. (a) XPS spectra of CD and CD-Ag NPs, and (b) Ag 3d region of CD-Ag NP films. (c, d) 

XPS spectra of C 1s region obtained from (c) CD and (d) CD-Ag NPs. 

 

 

Table 5.1. Chemical composition of CD and CD-Ag NPs determined by high-resolution XPS.  
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Figure 5.7. Surface-enhanced Raman spectroscopy (SERS) of PEG, PEG-CD, and CD-Ag NP films 

on glass substrates using laser excitation at 532 nm. 

 

Figure 5.8a presents the steady-state PL spectra for Super Yellow (SY), poly(3,4-

ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS/SY) and CD-Ag NPs/PEDOT:PSS/ 

SY films coated on glass substrates. As a control, we prepared SY films without the CD-Ag NPs. 

There are negligible changes in thickness and morphology of SY film by CD-Ag NPs (Table 5.2). 

Among these PL spectra, the PEDOT:PSS/SY film showed the lowest PL value because of significant 

exciton quenching at the PEDOT:PSS/SY interface297, whereas the intensity of the CD-Ag 

NPs/PEDOT:PSS/SY film is ~30% higher than the film without the CD-Ag NPs. The PLQE 

measurement resulted in values of 14.6% for SY, 12.5% for PEDOT:PSS/SY and 14.9% for CD-Ag 

NPs/PEDOT:PSS/SY films (Table 5.3). These results are in good agreement with steady-state PL data. 

The CLSM results also support the fluorescence emission enhancement by CD-Ag NPs. The 

fluorescence of SY thin films with CD-Ag NPs is thought to be a combination of fluorescence 

produced by direct excitation with the weak laser field and enhanced fluorescence produced by SY 

within the near field of CD-Ag NPs. Because the confocal images show the relative fluorescence 

intensity, we segregated the regions of SY (yellow area) from bare glass (black area) (bottom image in 

the inset of Figure 5.8a). In SY films with CD-Ag NPs, we observed bright spots (dotted lines of in 

the top image in the inset of Figure 5.8a), which correspond to clusters of CD-Ag NPs. The 

fluorescence intensity of the bright spots is a factor of 2-3 higher than the SY background region at 

the excitation wavelength of 473 nm.  
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Figure 5.8. Effect of CD-Ag NPs on the fluorescence of polymer films. (a) Steady-state PL spectra, 

(b) PL decay profile and (c) amplified spontaneous emission threshold behavior of the SY film. For 

comparison, the PEDOT:PSS/SY films with and without CD-Ag NPs on glass substrates were 

included. The inset in (a) represents confocal scanning microscope images of the SY film (bottom) 

without and (top) with CD-Ag NPs. The scale bar is 10 μm. 

 

 
 
 
Table 5.2. AFM images and thickness for SY film on different substrates. 
 

 
  

 Glass Glass/PEDOT:PSS 
Glass/CD-Ag NPs/ 

PEDOT:PSS 

Topography 
image 

   

Surface 
roughness 

(nm) 
0.670±0.02 0.562±0.01 0.557±0.01 

Thickness 
(nm) 118±2 120±2 121±2 
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Table 5.3. PL quantum efficiency for SY, PEDOT:PSS/SY, and CD-Ag NPs/PEDOT:PSS/SY films 
measured inside an integrating sphere with an excitation wavelength of 460 nm.  
 

 
 

 

The PL decay profiles observed for SY, PEDOT/SY, and CD-Ag NPs/PEDOT:PSS/SY films are 

presented in Figure 5.8b. From the decay values, the average PL decay time (exciton lifetime) is 

calculated as 0.747 ns for SY, 0.704 ns for PEDOT:PSS/SY, and 0.825 ns for CD-Ag 

NPs/PEDOT:PSS/SY (Table 5.4). The exciton lifetime of SY is decreased by exciton quenching of 

PEDOT:PSS, whereas the lifetime is increased in the CD-Ag NPs/PEDOT:PSS/SY film in concert 

with the increased PL intensity and is presented in Figure 5.8a.  

To confirm the SPR effect of CD-Ag NPs on the fluorescence of the emissive polymer layer, the 

ASE behavior was observed in different configurations and is shown in Figure 5.8c. Samples were 

excited with a stripe-shaped pump beam (0.009 cm2), and the emission spectra were measured from 

the substrate edges. Among these films, the CD-Ag NPs/PEDOT:PSS/SY film showed the lowest 

threshold value of 80.8 μJ cm-2 (compared with 104.3 μJ cm-2 for SY and 402.7 μJ cm-2 for the 

PEDOT:PSS/SY film) (Figure 5.9) and highest ASE efficiency (slope) because of the enhanced 

optical gain caused by the SPR effect of CD-Ag NPs (Figure 5.8c). The ASE is fundamentally related 

to exciton lifetime. Specifically, a long exciton lifetime is one of the prerequisites for ASE behavior298, 

299. Compared to the structure without CD-Ag NPs, ASE occurs more readily because of the enhanced 

exciton lifetimes caused by the SPR effect of CD-Ag NPs. In light-emitting field-effect transistors 

based on fluorescent polymers, distributed feedback structures have shown estimated threshold 

current densities of ~60 kA cm-2 for lasing300. Thus, electrically driven laser devices might be realized 

with a combination of the SPR effect using metal nanoparticles and a distributed feedback structure. 
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Table 5.4. PL-decay time measured for SY, PEDOT:PSS/SY, CD-Ag NPs/PEDOT:PSS/SY films.  
 

 
 
 
 
 

 
 

Figure 5.9. (a - c) A sequence of emission spectra below, within and above the lasing threshold values 

for (a) glass/SY, (b) glass/PEDOT:PSS/SY, and (c) glass/CD-Ag NPs/PEDOT:PSS/SY structure, 

respectively.  
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We investigated the use of CD-Ag NPs as plasmonic materials in PLEDs and PSCs. First, we 

fabricated fluorescent PLEDs to investigate the ability of CD-Ag NPs to enhance the light-emitting 

properties of PLEDs. The device structure used was glass/indium tin oxide (ITO)/CD-Ag 

NPs/PEDOT:PSS/SY/LiF/Al (Figure 5.10a). Aside from the LiF and Al cathode, which was deposited 

by vacuum thermal evaporation, all other layers were sequentially deposited onto ITO using spin 

coating. Although LEDs based on phosphorescent materials exhibit high electroluminescent efficiency, 

a more complex radiative process is involved and includes singlet-triplet energy transfer. Therefore, 

we used a fluorescent emitting polymer to focus on the effect of CD-Ag NPs on singlet exciton 

emission. PLED characteristics of devices with and without CD-Ag NPs are plotted in Figure 5.10b to 

10d, and the results are summarized in Table 5.5. The device with CD-Ag NPs showed a similar 

current density and reduced voltage for maximum luminance compared with the device without CD-

Ag NPs; however, the maximum luminance values are almost the same in both devices (46460 cd m-2 

at 9.8 V for devices with CD-Ag NPs and 46320 cd m-2 at 11.6 V for control devices), as shown 

Figure 5.10b. The current efficiency (CE) and external quantum efficiency (EQE) were 27.16 cd A-1 

and 9.07%, respectively, for the device with CD-Ag NPs (Figure 5.10c). These values are more than 

twice as large as those for the device without CD-Ag NPs (CE = 11.65 cd A-1, EQE = 4.26%). In 

particular, the device with CD-Ag NPs showed an extremely high luminous efficiency (LE) of 18.54 

lm W-1 (Figure 5.10d). This LE value is approximately 3 times higher than that of the device without 

CD-Ag NPs (LE = 6.33 lm W-1). These CE and LE are record-high efficiencies in plasmonic PLEDs 

reported to date (Table 5.6).  

We extended the use of CD-Ag NPs to PSCs based on a mixture of poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno-

[3,4-b]thiophenediyl]] (PTB7) and [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) 

(PTB7:PC71BM) as an active layer. The device structure employed was a glass/ITO/CD-Ag 

NPs/PEDOT:PSS/ PTB7:PC71BM/Al (Figure 5.10e). There are negligible changes in thickness and 

morphology of active layer by the incorporation of CD-Ag NPs (Table 5.7). Figure 5.10f and 10g 

compare the current density versus voltage (J-V) characteristics and external quantum efficiency 

(EQE) of the devices with and without CD-Ag NPs. The device without CD-Ag NPs had a short-

circuit current (JSC) of 14.4 mA cm-2, an open-circuit voltage (VOC) of 0.75 V, a fill factor (FF) of 0.70 

and a power conversion efficiency (PCE) of 7.53%. In contrast, the device with CD-Ag NPs had a JSC 

of 16.0 mA cm-2, a VOC of 0.75 V, a FF of 0.70, and a PCE of 8.31%. Detailed characteristics of the 

PSC devices are reported in Table 5.5. The inset of Figure 5.10f exhibited negligible effect of CD-Ag 

NPs on dark J-V characteristics which imply that SPR effect by CD-Ag NPs is the most dominating 

factor than interfacial modification in device performance. This result is also supported by work 

function and conductivity measurements (Figure 5.11 and Table 5.8). An improvement in the PCE of 
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approximately 10% can be primarily attributed to the increase in JSC caused by an EQE enhancement 

in the range of 400 to 700 nm, as shown in Figure 5.10g, whereas the VOC and FF remained similar. 

To clarify the effect of CD-Ag NPs on the photogeneration of charge carriers, we compared the 

enhanced absorption (Δa) and EQE (ΔEQE) of the CD-Ag NPs, which is presented in Figure 5.10h. 

We measured reflectance spectra to evaluate absorption changes between devices with the 

architectures of glass/CD-Ag NPs/PEDOT:PSS/active layer/Al and glass/PEDOT:PSS/active layer/Al 

(Figure 5.12)91. The EQE enhancement has two peaks at wavelengths of 430 nm and 630 nm, which 

are consistent with peaks in the Δa spectrum. We also compared the effect of free Ag NP and CD-Ag 

NPs on device performance of PSCs using a mixture of poly(3-hexylthiophene) (P3HT) and [6,6]-

phenyl-C61 butyric acid methyl ester (PCBM) (P3HT:PCBM) as the active layer (Figure 5.13 and 

Table 5.9). Compared to free Ag NPs, the devices with CD-Ag NPs showed a higher PCE and broad 

EQE enhancement (Figure 5.13a and 13b). Because of clustering effect of CD-Ag NPs, the EQE 

enhancements by CD-Ag NPs are efficient and broader than that of free Ag NPs which are consistent 

with corresponding UV-vis absorption spectrum (Figure 5.13c).  

To determine the SPR effect of CD-Ag NPs on the internal quantum efficiency (IQE), we 

calculated the IQE by measuring the total absorption spectrum and EQE of the PTB7:PC71BM-based 

PSCs (Figure 5.14)301, 302. The IQE is the ratio of the number of charge carriers collected by the solar 

cell to the number of photons of a given energy that shine on the solar cell from outside and are 

absorbed by the cell. It is surprising that the IQE value of PTB7:PC71BM-based PSCs with CD-Ag 

NPs is 99% at approximately 460 nm and that it stays near or even above 90% throughout the entire 

absorption spectrum (450-700 nm), whereas the IQE of the device without CD-Ag NPs is below 91%. 

The CD-Ag NPs lead to an IQE approaching 100%, which indicates that every absorbed photon 

results in a separated pair of charge carriers and that all photogenerated carriers are collected at the 

electrodes without any loss. To our knowledge, there is no report of an IQE enhancement approaching 

100% from the introduction of plasmonic materials in PSCs. The PCE and IQE of the device with 

CD-Ag NPs are highest values reported to date for plasmonic PSCs using SPR effect of metal NPs 

(Table 5.10). 
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Figure 5.10. Device structure and characteristics of polymer optoelectronic devices incorporating 

CD-Ag NPs. (a) Device structure of PLEDs, (b) luminance and current density, (c) current efficiency 

and EQE, and (d) luminous efficiency of PLEDs with and without CD-Ag NPs. (e) Device structure 

of PSCs, (f) J-V characteristics under air mass 1.5 illumination (at 100 mW/cm2), and (g) EQE of 

PSCs with and without CD-Ag NPs. Inset: J-V characteristics in the dark condition plotted on a 

semilogarithmic scale. (h) Comparison of the enhanced EQE with absorption changes caused by CD-

Ag NPs.   
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Table 5.5. Device characteristics of SY-based PLEDs and PTB7:PC71BM-based PSCs with and 

without CD-Ag NPs. 

 

  

PLEDs configuration 

Maximum 

luminance 

[cd m-2] 

(at voltage) 

Current 

efficiency 

[cd A-1] 

(at voltage) 

EQE 

[%] 

(at voltage) 

luminous 

efficiency 

[lm W-1] 

(at voltage) 

ITO/PEDOT:PSS/SY/LiF/Al 
46,320 

(11.6) 

11.65 

(7.4) 

4.26 

(7.4) 

6.33 

(4.8) 

ITO/CD-Ag NPs/PEDOT:PSS/SY/LiF/Al 
46,460 

(9.8) 

27.16 

(6.4) 

9.07 

(5.8) 

18.54 

(4.0) 

PSCs configuration 
Jsc 

[mA cm-2] 

Voc 

[V] 
FF 

PCE 

[%] 

ITO/PEDOT:PSS/PTB7:PC71BM/Al  14.4 0.75 0.70 7.53 

ITO/CD-Ag NPs/PEDOT:PSS/PTB7:PC71BM/Al  16.0 0.75 0.70 8.31 
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Table 5.6. Comparison of our work with the best efficiency PLEDs and plasmonic PLEDs with metal 
nanoparticles reported to date. 
 

* Symbol ‘-‘ means that there is no current or luminous efficiency data in the corresponding literature. 
  

 

SPR materials  
Emission  

colors 

Maximum 
current 

efficiency 

(cd A
-1

) 

Maximum 
luminous 
efficiency 

(lm W
-1

) 

Best  
PLEDs 

None Green 22 20-25 

None Yellow-orange 21.1 - 

Plasmonic 
PLEDs 

None 

Orange 

- - 

Ag NPs - - 

None 

Orange 

1.40 - 

Cu NPs 1.74 - 

None 

Yellow-green 

11.65 6.33 

CD-Ag NPs 27.16 18.54 
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Table 5.7. AFM images and thickness for PTB7:PC70BM film on different substrates. 
 
  

 Glass/PEDOT:PSS Glass/CD-Ag NPs/PEDOT:PSS 

Topography 
image 

  

Surface 
roughness 

(nm) 
2.076±0.5 2.140±0.5 

Thickness 
(nm) 

100±10 100±10 

Figure 5.11. Photoemission cutoff region obtained via UPS for PEDOT:PSS films with and 

without CD-Ag NPs. 
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Table 5.8. Work function (measured by UPS and KPFM) and conductivity (measured by 4-point 
probe) of PEDOT:PSS films with and without CD-Ag NPs. 

 
 

  
 

Figure 5.12. Device structures for reflectance measurement. (a, b) Comparison of the reflectance 

between the devices (a) without and (b) with CD-Ag NPs yields information on the additional 

absorption (Δα). The equation in the Figure 5.12 describes Δα, where d is the thickness of active layer, 

Iout is the intensity of the reflected light from the device without CD-Ag NPs, and I′out is the intensity 

of the reflected light from the device with CD-Ag NPs. 

  

 Glass/PEDOT:PSS Glass/CD-Ag NPs/PEDOT:PSS 

Work 
function 

(eV) 

UPS 5.0 5.0 

KPFM 5.2 ± 0.11  5.2 ± 0.05  

Resistivity 
(KΩ cm) 

0.5040 ± 0.2 0.7220 ± 0.2 

Conductivity 
(s cm-1) 

0.0019 ± 0.0006 0.0014 ± 0.0004 
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Figure 5.13. (a) J-V characteristics under air mass 1.5 illumination (100 mW cm-2) and (b) EQE of 

P3HT:PCBM-based PSCs with free Ag NPs and CD-Ag NPs. (c) Comparison between EQE 

enhancement and UV-vis absorption of free Ag NPs and CD-Ag NPs. P3HT:PCBM-based PSCs 

without metal NPs is a reference device. Blue and red solid lines indicate UV-vis absorption of free 

Ag NPs and CD-Ag NPs, respectively. 

 

 
 
Table 5.9. Device characteristics of P3HT:PCBM-based PSCs with free Ag NPs and CD-Ag NPs.  
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Figure 5.14. Internal quantum efficiency (IQE) of PTB7:PC71BM-based PSCs with CD-Ag NPs. Red, 

blue, and green lines show IQE, EQE, and total absorption, respectively. Solid and open circle lines 

indicate device parameters with and without CD-Ag NPs, respectively. 
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Table 5.10. Comparison of our work with other plasmonic PSCs with metal nanoparticles reported. 
 
 

  

SPR 
materials 

Active layer 
Jsc 

[mA cm-2] 
Voc 
[V] 

FF 
PCE 
[%] 

None 

PBDTTT-C-T:PC
70

BM 

17.09 0.76 0.58 7.59 

Au NPs 17.78 0.76 0.60 8.11 

None 

P3HT:PC
60

BM 

10.12 0.61 0.58 3.61 

Ag-Au NPs 12.21 0.63 0.62 4.73 

None 

P3HT:PC
60

BM 

9.16 0.59 0.66 3.57 

Au NPs 10.22 0.59 0.70 4.24 

None 

P3HT:PC
60

BM 

8.08 0.60 0.60 2.90 

Au-Cu NPs 9.37 0.58 0.61 3.35 

None 

PCDTBT:PC
70

BM 

10.79 0.86 0.68 6.30 

Ag cluster 11.61 0.86 0.69 7.10 

None 

P3HT:PC
70

BM 

10.65 0.57 0.57 3.49 

Au NPs 11.18 0.63 0.61 4.36 

None 

P3HT:PC
60

BM 

8.95 0.59 0.66 3.48 

Au NPs 10.18 0.59 0.70 4.19 

None 

PTB7:PC
70

BM 

14.4 0.75 0.70 7.53 

CD-Ag NPs 16.0 0.75 0.70 8.31 
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5.4 Conclusion 

In conclusion, we demonstrate the synthesis of the CD-Ag NPs using CD both as a reducing agent 

and a template, which leads to broad light absorption originating from the ensemble of plasmon 

coupling effect caused by clustering Ag NPs in CD-Ag NPs. We also achieve a high CE of 27.16 cd A-

1 and an LE of 18.54 lm W-1 in fluorescent PLEDs, as well as an IQE of 99% and a PCE of 8.31% in 

PSCs, using SPR enhancement with CD-Ag NPs. The significant improvements in device efficiency 

demonstrate that SPR materials constitute a versatile and effective route for achieving high-

performance PLEDs and PSCs. Furthermore, this approach shows promise as a route for the 

realization of electrically driven polymer lasers.  
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Chapter 6. Multi-Positional Silica-Coated Silver Nanoparticles for High-

Performance Polymer Solar Cells  

 

6.1 Research Background 

Polymer solar cells (PSCs) have attracted a lot of interest due to many advantages, including low 

cost, solution processability, and mechanical flexibility.91, 272, 303-305 Although intensive developments 

of new materials and device architectures have improved power conversion efficiency (PCE) up to 8% 

in single-junction bulk heterojunction (BHJ) PSCs,40, 250, 251, 306-308 further improvement is still 

necessary for commercialization. Strategies to maximize all photovoltaic parameters, short-circuit 

current density (JSC), open-circuit voltage (VOC), and fill factor (FF), for highly efficient PSCs include 

the bandgap engineering of conjugated polymers,250, 306-308 introduction of buffer layer,91, 309, 310 and 

morphology control by processing additives or post treatments, etc.31, 311-313 Among many strategies 

for improving JSC, one simple approach is to increase light absorption in active layer using thick BHJ 

films. However, increasing the thickness of the active layer is limited by the low carrier mobility of 

BHJ materials.91, 149, 150, 314Therefore, we need to find ways to minimize the thickness of BHJ films 

while maximizing the light absorption capability in the active layer.  

The surface plasmon resonance (SPR) effect of metal nanoparticles (NPs) can be an effective way 

to store the incident light energy in localized surface plasmon modes and enhance the photogeneration 

of excitons.128, 277 Excitation of surface plasmons by light at specific wavelength at which resonance 

occurs can result in strong light-scattering with the appearance of intense surface plasmon absorption 

bands and an enhancement of local electromagnetic fields.164, 276 There have been many reports on 

SPR effect not only that incorporate metal NPs into the hole transport layer (HTL),134, 315, 316 active 

layer,148-150, 317 or at the anode/HTL interface,132, 314, 318 but also that utilize dual plasmonic effect using 

two different metal NPs or combining metal NPs and metal nanograting electrodes for enhancing 

device efficiency.187, 316  

To maximize the SPR effect on device performance, it is essential to control the distance between 

metal NPs and the active layer. When the distance is too close, exciton quenching occurs by 

nonradiative energy transfer.149, 150, 318 In addition, the interaction between surface plasmons and 

excitons exponentially decreases with increasing the distance between metal NPs and active layer.319 

Therefore, metal NPs have been introduced at the interface of indium tin oxide (ITO) and poly(3,4-

ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) or embedded in PEDOT:PSS layer, 

and there have been no reports on introducing metal NPs between PEDOT:PSS  and active layer. In 

spite of few successful reports on direct mixing of metal NPs in the active layer,149, 150, 317 there is 

always a concern about poor device performance caused by exciton quenching. Furthermore, it is 
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difficult to uniformly disperse metal NPs within the active layer while maintaining control of the 

morphology. 

Here, we report high-performance PSCs employing the SPR effect via multi-positional silica-

coated silver NPs (Ag@SiO2). The silica shell in Ag@SiO2 preserves the SPR effect of Ag NPs by 

preventing the oxidation of Ag core under ambient condition and also eliminates the concern about 

exciton quenching by avoiding direct contact between Ag cores and the active layer. Multi-positional 

property of Ag@SiO2 originating from silica shell enables it to be introduced at both 

ITO/PEDOT:PSS (type I) and PEDOT:PSS/active layer (type II) interfaces in polymer:fullerene-based 

BHJ PSCs. Compared to type I, type II structure shows strong light absorption and scattering from 

enhanced electric field distribution, resulting in remarkable enhancement in JSC and thus PCE. 

 

6.2 Experimental 

Synthesis of Ag@SiO2: For preparation of Ag@SiO2 core@shell structures, Ag nanoparticles (NPs) 

were first synthesized by polyol method.1 In detail, 0.1 g of silver nitrate as a precursor for silver 

particles was dispersed in the prepared solution consisting of PVP (1.5 g) and EG (6 mL). The PVP-

capped Ag nanoparticles were collected after reaction at 120 oC for 1 hr. For the next step, the silica 

shell was formed onto the surfaces of Ag NPs in the following way: The homogeneous Ag solution in 

ethanol (140 mL) was mixed with ammonium hydroxide (4 mL) under stirring, and then 0.75 mL of 

tetraethyl orthosilicate (TEOS) was injected. Another TEOS (0.75 mL) was added in the resulting 

solution after 30 min. Finally, Ag@SiO2 was collected after several centrifugations with ethanol and 

deionized water.  

Device fabrication and characterization: Blend solution PTB7 and PC70BM was used for the 

active layer of the PSCs. We utilized two types of device structure; type I is 

ITO/Ag@SiO2/PEDOT:PSS/PTB7:PC70BM/Al and type II is ITO/PEDOT:PSS/Ag@SiO2/ 

PTB7:PC70BM/Al. For type I structure, Ag@SiO2 solution (1.0 wt.%) was spin-cast at 2000 rpm on 

cleaned ITO substrates after UV treatment for 10 min and heated at 50 °C for 3 min. On top of 

Ag@SiO2, poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) was spin-cast 

at 5000 rpm and dried at 120 °C for 10 min. For type II structure, PEDOT:PSS was spin-cast on 

cleaned ITO and dried at 120 °C for 10 min. Subsequently, the same Ag@SiO2 solution used in type I 

was spin-cast at 2000 rpm on top of PEDOT:PSS layer and heated at 50 °C for 3 min. A 

chlorobenzene solution consisting of PTB7 (1 wt. %), PC70BM (1.5 wt. %), and 1,8-diiodooctane (2 

vol. %) was spin-cast at 1000 rpm on top of PEDOT:PSS for type I and Ag@SiO2 layer for type II, 

respectively. The Al (100 nm) electrode was deposited on the active layer under vacuum (<10-6 Torr) 

by thermal evaporation. The area of the Al electrode defines the active area of the device as 13.0 mm2. 

The current density-voltage (J-V) characteristics of PSCs were measured using a Keithley 2635A 
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Source Measure Unit. The solar cell performance was tested with an Air Mass 1.5 Global (AM 1.5 G) 

solar simulator with an irradiation intensity of 100 mWcm-2. EQE measurements were obtained using 

the PV measurement OE system by applying monochromatic light from a xenon lamp under ambient 

conditions. The monochromatic light intensity was calibrated using a Si photodiode and chopped at 

100 Hz. Masks (13.0 mm2) made of thin metal were attached to each cell before measurement of the 

J-V characteristics and the EQE. 

 

5.3 Results and Discussion 

Silver nanoparticles (Ag NPs) were prepared by the polyol reduction mechanism of silver nitrate 

with ethylene glycol at a high temperature in the presence of poly(vinyl pyrrolidone) (PVP) molecules. 

PVP ligands were served as bifunctional molecules so that Ag NPs with uniform size and shape were 

synthesized and dispersed stably in the solution through covering Ag NPs. In addition, the surface-

protected Ag NPs with PVP were encapsulated by silica which was prepared by sol-gel process. 

Figure 6.1(a) shows a high-resolution transmission electron microscopy (HR-TEM) image of 

Ag@SiO2. It was clearly seen that the Ag@SiO2 was successfully synthesized. 

 

 

Figure 6.1. (a) HR-TEM image and (b) UV-Vis absorption spectrum of Ag@SiO2. The inset of Figure 

6.1(a) clearly shows SiO2 layers with an average thickness of 10 nm.  

 

As-prepared Ag NPs were spherical and had relatively uniform size of about 50 nm. The silica 

shell uniformly and completely coated the surface of the individual Ag NPs with an average thickness 

of 10 nm. For the clear observation, magnified TEM image of Ag NPs was seen in the inset of Figure 

6.1(a). The distinct boundary between Ag NPs and silica is clearly visible due to a large difference in 

electron density between crystalline Ag core and amorphous silica shell. The well-dispersed behaviour 

of Ag@SiO2 was evident as Ag@SiO2 uniformly covered the silicon substrate via spin-coating, 
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confirmed by scanning electron microscope (Figure 6.2). Figure 6.1(b) shows UV-Vis absorption 

spectrum of Ag@SiO2 solution dispersed in ethanol. Compared to bare Ag NPs with the same size 

(about 50 nm), the Ag@SiO2 exhibited a red-shifted SPR peak at 450 nm, caused by the silica shell 

(Figure 6.3). This implies that SPR peak can be tuned by engineering the dielectric constant of the 

surrounding matrix.128, 320  

 

Figure 6.2. SEM image showing well-dispersed Ag@SiO2 nanoparticles spin-coated on the Si 

substrate. 
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Figure 6.3. UV-vis absorption spectra of Ag NPs with and without silica shell. The average diameter 

of both Ag NPs is about 50 nm. 
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To investigate the absorption change by the SPR effect of using Ag@SiO2, we performed 

reflectance measurement using two types of device configuration, as shown in Figure 6.4(a). For 

active layer, we used blend solution of poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)-carbonyl]thieno-[3,4-b]thiophenediyl]] (PTB7) as 

an electron donor and [6,6]-phenyl-C70 butyric acid methyl ester (PC70BM) as an electron acceptor. 

Two structures were used; type I and II consisted of  ITO/Ag@SiO2/PEDOT:PSS/ PTB7:PC70BM/Al 

and ITO/PEDOT:PSS/Ag@SiO2/PTB7:PC70BM /Al, respectively. The device without Ag@SiO2 was 

used as the reference. Due to the insolubility of PEDOT:PSS in ethanol, the Ag@SiO2 solution can be 

directly spin-coated on top of PEDOT:PSS layer without removing the PEDOT:PSS. Reflectance 

measurements were carried out as an accurate way to elucidate total light absorption within the whole 

device architecture. Figure 6.4(b) shows reflectance spectra of PTB7:PC70BM-based PSCs with type 

I and type II architectures, compared to the structure without Ag@SiO2. 

 

 

 

 

Figure 6.4. (a) Device structures and (b) reflectance spectra of PTB7:PC70BM-based PSCs with 

different spatial locations of Ag@SiO2. The inset shows absorption enhancement (Δα) by Ag@SiO2. 
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The type II device exhibited greater light absorption than type I in the range of 400 nm to 700 nm, 

showing a noticeable SPR peak at 450 nm, which is in good agreement with UV-Vis absorption 

spectrum of the Ag@SiO2 solution. 

To clarify the effect of different spatial locations of Ag@SiO2 on light absorption, we calculated 

absorption enhancement (Δα) from reflectance measurements based on following equation,91  

α(x) = − 
 

 
d ln	[

     	( )

    	( )
]                             

where d is the thickness of active layer, Iout is the intensity of the reflected light from the device 

without Ag@SiO2, and I′out is the intensity of the reflected light from the device with Ag@SiO2. 

Although we used same concentration and spin-coating condition for depositing Ag@SiO2, type II 

showed a 4-fold increase in light absorption at the SPR peak of 450 nm and a broader absorption band 

ranging from 400 nm to 700 nm, compared to the device with type I (The inset of Figure 6.4(b)).  

 

 

 

Figure 6.5. (a) Simulated electric field distribution and (b) normalized extinction spectra of Ag@SiO2 

with different spatial locations. The magnitude of the enhanced electric field intensity is indicated by 

the color scale. 
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To investigate the enhanced light absorption by different spatial locations of Ag@SiO2, we 

performed on the simulation of electric field distribution using the three-dimensional finite time 

domain (FDTD) method. Figure 6.5(a) and 6.5(b) present simulated electric field distribution and 

normalized extinction spectra of the devices with different Ag@SiO2 locations, respectively. The 

Ag@SiO2 in type II exhibited stronger electric field distribution (Figure 6.5(a)) and red-shifted 

extinction spectrum with higher intensity (Figure 6.5(b)), compared to those of type I. This result 

indicates that active layer as surrounding matrix has a greater influence on the electric field 

enhancement of Ag@SiO2 than the PEDOT:PSS layer. In addition, when the Ag@SiO2 is close to 

active layer, the coupling effect between excitons and surface plasmons is promoted, leading to the 

enhanced photogeneration of excitons.   

Based on plasmonic effect of Ag@SiO2 at both ITO/PEDOT:PSS (type I) and PEDOT:PSS/active 

layer (type II) interfaces, we fabricated PTB7:PC70BM-based PSCs to evaluate the ability of 

Ag@SiO2 for enhancing the device performance, as shown in Figure 6.6(a). The device without 

Ag@SiO2 is used as the reference. Figure 6.6 (b) and (c) show current density versus voltage (J-V) 

characteristics and external quantum efficiency (EQE) of the devices without Ag@SiO2 and with type 

I and II structure. Detailed device parameters are listed in Table 6.1. More than 150 devices were 

fabricated to optimize the device efficiency by controlling the concentration of Ag@SiO2 in 

PTB7:PC70BM-based PSCs with type I and II (Figure 6.7 and Table 6.2). The best reference device 

had a short-circuit current density (JSC) of 14.80 mA cm-1, an open-circuit voltage (VOC) of 0.75 V, a 

fill factor (FF) of 0.68 and PCE of 7.51%. These device characteristics are comparable to other 

reports using PTB7:PC70BM blend film as the active layer.251, 316 For the device with type I 

architecture, we obtained improved PCE of 8.20%, resulting from enhancement of JSC (16.31 mA cm-

1). Surprisingly, the device with type II architecture exhibited an even greater improvement in JSC 

(16.77 mA cm-1), leading to higher PCE of 8.92%. To the best of our knowledge, this PCE is the 

highest value reported to date in plasmonic PSCs using metal NPs (Table 6.3). The optimized devices 

with type I and II show ~10% and ~19% increase in the PCE values, respectively, compared to that of 

reference device. The highest PCE from type II is attributed to stronger coupling effect due to the 

close distance between the Ag NPs and active layer. Furthermore, the type II device architecture is 

possible because the silica shell perfectly prevents exciton quenching and charge recombination 

which would occur if there was direct contact between Ag NPs and active layer. 
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Figure 6.6. (a) Device structures, (b) J-V characteristics, and (c) EQE of PTB7:PC70BM-based PSCs 

with type I and type II architectures. Type I: ITO / Ag@SiO2 / PEDOT:PSS / PTB7:PC70BM / Al, and 

type II: ITO / PEDOT:PSS / Ag@SiO2 / PTB7:PC70BM / Al. 

 

 

Table 6.1. Device characteristics of PTB7:PC70BM-based PSCs with different Ag@SiO2 locations. 

  

Device 
configuration 

Jsc 
(mA/cm

2) 
Voc 
(V) 

FF 
Average 

PCE 
(%) 

Best 
PCE 
(%) 

Jsc (Calc.) 
(mA/cm

2) 

Reference 14.64 ± 0.14 0.74 ± 0.01 0.67 ± 0.01 7.26 7.51 14.55 

Type I 16.10 ± 0.21 0.74 ± 0.01 0.67 ± 0.01 7.98 8.20 16.19 

Type II 16.65 ± 0.12 0.74 ± 0.02 0.68 ± 0.02 8.49 8.92 17.14 
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Figure 6.7. J-V characteristics of PTB7:PC70BM-based PSCs with type I and II as a function of 

concentration of Ag@SiO2 solution. 

 

Table 6.2. Device characteristics of PTB7:PC70BM-based PSCs with type I and II as a function of 

concentration of Ag@SiO2 solution. 

  

  

Ag@SiO2 

concentration 
(wt. %) 

Device 
configuration 

Jsc 
(mA/cm2) 

Voc 
(V) 

FF 
Best 
PCE 
 (%) 

None reference 14.78 0.75 0.68 7.51 

0.7 

Type I 15.70 0.75 0.68 7.91 

Type II 16.28 0.75 0.70 8.45 

1.0 

Type I 16.31 0.75 0.68 8.20 

Type II 16.77 0.76 0.70 8.92 

1.3 

Type I 15.41 0.75 0.68 7.81 

Type II 16.00 0.75 0.68 8.17 
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Table 6.3. Comparison of our work with previous literatures on plasmonic PSCs. 
 
  

Plasmonic 
materials 

Active layer 
Jsc 

[mA cm-2] 
Voc 
[V] 

FF 
PCE 
[%] 

Au NPs + 
Ag NPs 

PTB7:PC70BM 17.70 0.71 0.69 8.69 

Ag NPs + Ag 
nanoprisms 

P3HT:PC60BM 10.61 0.64 0.63 4.30 

Au NPs + 
Ag nanograting 

PBDTTT-C-T:PC70BM 18.39 0.76 0.63 8.79 

Ag + Au NPs P3HT:PC60BM 12.21 0.63 0.62 4.73 

Au NPs P3HT:PC60BM 10.22 0.59 0.70 4.24 

Au-Cu NPs P3HT:PC60BM 9.37 0.58 0.61 3.35 

Ag cluster PCDTBT:PC70BM 11.61 0.86 0.69 7.10 

Au NPs P3HT:PC70BM 11.18 0.63 0.61 4.36 

Ag@SiO2 PTB7:PC70BM 16.77 0.76 0.70 8.92 
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The inset of Figure 6.6(b) shows the effect of Ag@SiO2 location on dark J-V characteristics. Three 

types of devices exhibit negligible differences in dark J-V characteristics, implying no significant 

influence of Ag@SiO2 on charge transport characteristics. This is also confirmed by the work function 

of the PEDOT:PSS films as measured by ultraviolet photoemission spectroscopy, which remains 

constant regardless of the presence of Ag@SiO2 (Figure 6.8). These improvements in PCE using 

Ag@SiO2 originate from increase in JSC, which are consistent with EQE enhancement, as shown in 

Figure 6.6(c), whereas VOC and FF remain almost constant. The device without Ag@SiO2 exhibits a 

maximum EQE of 69.4%, while the devices with type I and type II exhibit enhanced EQE of 77.3% 

and 81.5%, respectively. High and broad EQE enhancements ranging from 400 to 700 nm result from 

the combination of light absorption and scattering effect caused by Ag@SiO2; Additional light 

absorption from 400 to 600 nm contributes to EQE improvement in corresponding region. The EQE 

enhancement in the range of 600 to 700 nm may also be attributed to light scattering by Ag@SiO2 that 

penetrate into polymer matrix, rendering the surface of the active layer rougher (Table 6.4 and Figure 

6.9) and increase the effective path length of light penetrating into the polymer matrix. 
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Figure 6.8. Photoemission cutoff obtained via UPS for PEDOT:PSS films with different Ag@SiO2 

position. Calculated work functions were 5.3 eV for all PEDOT:PSS films with and without Ag@SiO2. 
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Table 6.4. Topography and phase images of PTB7:PC70BM blend films spin-coated on different 
substrates.  
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Figure 6.9. Comparison of the EQE enhancement (Δ EQE) with absorption change (Δ absorption) 

caused by different Ag@SiO2 position. 
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To investigate the relationships between EQE enhancement (Δ EQE), absorption change (Δ 

absorption) and Ag@SiO2 location, we calculated the absorption (A) from total reflection (R) and 

transmission (T) using A = 1 – R – T,187 and calculated the EQE difference by subtracting the EQE of 

the device without Ag@SiO2 from that of the device with Ag@SiO2. Because metal deposited on the 

active layer is considered a perfect mirror, we ignored transmission in real devices. The difference in 

EQE enhancement by Ag@SiO2 NPs in type I and II architectures correlates well with absorption 

enhancement in both cases (Figure 6.9).  

To compare the effect of Ag@SiO2 and bare Ag NPs on device performance, PTB7:PC70BM-based 

PSCs were fabricated in which Ag@SiO2 NPs were replaced with bare Ag NPs in both type I and II 

device architectures. The type I devices with bare Ag NPs showed a 10 % enhancement in JSC and 

PCE (Figure 6.10(a) and Table 6.5). This enhancement originates from additional light absorption by 

Ag NPs but not from light scattering effects (Figure 6.11). Although additional light absorption 

contributed to EQE enhancement ranging from 350 to 550 nm in type II devices with bare Ag NPs, we 

observed poor device performance, likely caused by exciton quenching from direct contact between 

Ag NPs and the active layer (Figure 6.10(b)). This result confirms that the silica shells are critical to 

the successful utilization of plasmonic NPs in type II architectures, where they prevent exciton 

quenching while enabling light absorption and scattering effects for enhanced device performance. 

 

 

Figure 6.10. (a) J-V characteristics and (b) EQE of PTB7:PC70BM-based PSCs with different bare 

Ag NP locations. The inset shows dark J-V characteristics of PSCs with different bare Ag NP 

locations. 
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Table 6.5. Device characteristics of PTB7:PC70BM-based PSCs with different Ag NPs 
locations. 

 

 

 

 

 
 

Figure 6.11. (a) J-V characteristics and (b) EQE of PTB7:PC70BM-based PSCs with different bare 

Ag NP locations. The inset shows dark J-V characteristics of PSCs with different bare Ag NP 

locations.  

Device configuration 
Jsc 

(mA cm-2) 
Voc 
(V) 

FF 
Average 

PCE 
(%) 

Jsc (Calc.) 
( mA cm-2) 

ITO/PEDOT:PSS/PTB7:PC
70

BM/Al  14.10 0.75 0.69 7.28 14.10 

ITO/Ag NPs/PEDOT:PSS/PTB7:PC
70

BM/Al  15.50 0.74 0.70 8.09 15.50 

ITO/PEDOT:PSS/Ag NPs
 
/PTB7:PC

70
BM/Al  13.90 0.73 0.64 6.41 13.90 
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6.4 Conclusion 

In summary, we demonstrate high-performance PSCs using multi-positional Ag@SiO2 as 

plasmonic materials. The change of Ag@SiO2 location leads to different surrounding matrix for 

Ag@SiO2 and enhancement of electric field distribution, giving rise to significant differences in light 

absorption and scattering within the device architecture. The incorporation of Ag@SiO2 into the 

PTB7:PC70BM-based PSCs remarkably improved device performance in both type I and II structures. 

Particularly, type II structure employing Ag@SiO2 at the PEDOT:PSS/active layer interface resulted 

in PCE of 8.92% and IQE of 95.2% via additional light absorption and scattering effect over the broad 

range of 400 to 700 nm. These device efficiencies are the highest values reported to date for 

plasmonic PSCs using SPR effect of metal nanoparticles. Furthermore, this is the first report on 

introducing metal NPs between the hole transport layer and active layer for enhancing the device 

performance. Multi-positional and solution-processable properties of our SPR material offer 

possibility to use multiple plasmonic effects by introducing various metal nanoparticles into different 

spatial locations for high-performance optoelectronic devices via mass production techniques. 
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Chapter 7. Summary 

I have reported several strategies employing interfacial engineering and surface plasmon resonance 

of metal nanoparticles to achieve high-performance polymer optoelectronic devices such as polymer 

solar cells (PSCs) and polymer light-emitting diodes (PLEDs). Improving electron transport and 

reducing the inherent incompatibility at the organic active layer/inorganic metal oxide interface are 

key issues for enhancing the device performance. Furthermore, maximizing the light absorption 

capability in the active layer is crucial for high-performance PSCs while minimizing the thickness of 

BHJ films due to low carrier mobility of organic semiconductors.  

In this thesis, one of my research fields is introduction of various interfacial engineering using 

efficient charge transport layer, such as combined layer of metal oxide/ionic liquids (IL or ILMs) and 

metal oxide/conjugated polyelectrolyte (CPE). Ionic dipoles within IL layer effectively influenced the 

work function of the metal oxide and thus the electron injection/transport barrier between the 

conduction band of metal oxide and the LUMO of active layer could be efficiently reduced. In 

addition, spontaneously oriented interfacial dipoles within the CPE layer lower the energy barrier for 

electron injection/transport and reduce the interfacial contact resistance and inherent incompatibility 

between the hydrophilic metal oxide and hydrophobic active layers.  

Firstly, I have demonstrated the fabrication of nanoporous titania network structure by using a 

polystylene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer template and modify the 

surface of NP-TiO2 with two types of ionic liquids (ILs), bmim-BF4 and benmim-Cl. The effect of 

molecular weight of PS-b-P4VP on the morphology of NP-TiO2 and IL-modified NP-TiO2 are 

characterized by scanning electron microscopy and contact angle measurement. Subsequently, MEH-

PPV:TiO2 hybrid solar cells are fabricated with NP-TiO2 and MEH-PPV and the effect of hydrophilic 

IL layers on device performances are evaluated under AM 1.5G illumination. The devices with bmim-

BF4 and benmim-Cl show drastically enhanced open circuit voltage (VOC) of 1.05 V and 0.91 V, 

respectively, while reference device without IL layer exhibits VOC of 0.60 V. Significantly improved 

VOC can be attributed to the change in interfacial energy level by formation of ionic double layers at 

the TiO2/IL and at the IL/MEH-PPV interface. 

Secondly, I have demonstrated the remarkable improvement in device performances of inverted 

polymer solar cells (iPSCs) and polymer light-emitting diodes (iPLEDs) by employing a combination 

of titanium oxide (TiOx) and conjugated polyelectrolyte (CPE) (TiOx/CPE) as an electron 

injection/transporting layer. For iPSCs, the CPE layer increased the power conversion efficiency from 

2.65 % to 3.55 % by ~23 % and ~10 % enhancements in the short circuit current and fill factor, 

respectively. For iPLEDs, the device with CPE layer exhibits increased luminance efficiency from 4.3 

cd A-1 to 18.0 cd A-1 and maximum luminance from 1,850 cd m-2 to 25,800 cd m-2, and reduced turn-

on voltage from 4.4 V to 3.8 V at optimized active layer thickness.  
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Finally, I have demonstrate highly efficient inverted polymer solar cells (iPSCs) employing 

fullerene-based self-assembled monolayers (FSAMs) as an interfacial layer between organic active 

layer and inorganic TiOX layer. The iPSCs have been fabricated with a configuration of 

ITO/TiOX/(FSAMs)/PTBT:PCBM/MoO3/Au, where PTBT and PCBM are used as an electron donor 

and acceptor, respectively. The device with pristine TiOX layer exhibits the power conversion 

efficiency (PCE) of 3.28%, whereas the device with bis-4-(2-ethylhexyloxy)-[6,6]-phenyl C61-butyric 

acid (bis-p-EHO-PCBA) shows remarkably improved PCE of 5.13%. This high PCEs result from the 

enhancement in both of short-circuit current and fill factor, which are attributed to improved exciton 

dissociation efficiency by providing additional PTBT/FSAMs interface, and reduced contact 

resistance and incompatibility at active layer/TiOX interface.  

Another my research is introducing surface plasmon resonance of plasmonic materials, such as 

carbon dot-supported silver nanoparticles (CD-Ag NPs), silica-coated Ag NPs (Ag@SiO2), and 

solvent-mediated Ag NPs (Ag@NMP) for high-performance PSCs. Compared to previous plasmonic 

materials, CD-Ag NPs led to broad light absorption originating from the ensemble of plasmon 

coupling effect caused by clustering Ag NPs in CD-Ag NPs. Furthermore, incorporating Ag@SiO2 

between hole transport layer and active layer led to remarkable improvement in device efficiency 

caused by increased light absorption and scattering via enhanced electric field distribution. In addition, 

ITO-free PSCs and PLEDs based on Ag@NMP showed enhanced device performance resulting from 

SPR effect and improved electrical conductivity by Ag NPs.  

Firstly, I have demonstrated the solution-processable polymer LEDs (PLEDs) and polymer SCs 

(PSCs) using carbon dot-supported silver nanoparticles (CD-Ag NPs). Collective surface plasmon 

ensemble of CD-Ag NPs allows the coupling of individual surface plasmon to the noticeable 

enhancement of device performance; thereby achieving a remarkably enhanced current efficiency (CE) 

of 27.16 cd A-1 and luminous efficiency (LE) of 18.54 lm W-1 in PLED, and power conversion 

efficiency (PCE) of 8.31 % in PSC, compared to those of the devices without CD-Ag NPs (CE = 

11.65 cd A-1 and LE = 6.33 lm W-1 in PLED, and PCE = 7.53 % in PSC). To our knowledge, this LE 

in PLED with CD-Ag NPs is one of the highest values in fluorescent PLEDs based on solution 

process. 

Secondly, I have also demonstrated high-performance polymer solar cells using the plasmonic 

effect of multi-positional silica-coated silver nanoparticles. The location of the nanoparticles is critical 

for increasing light absorption and scattering via enhanced electric field distribution. The device 

incorporating nanoparticles between the hole transport layer and the active layer achieves a power 

conversion efficiency of 8.92% with an external quantum efficiency of 81.5%. These device 

efficiencies are the highest values reported to date for plasmonic polymer solar cells using metal 

nanoparticles. 
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