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Chapter 1 

 

General Introduction 

 

 

1.1.     Background and Motivation 

 Organic semiconductors such as π-conjugated polymers and small molecules exhibit 

tunable conductivity ranging from insulator to metallic level,1,2 although most of conventional 

organic materials are insulators.  Furthermore, some of them exhibit superconductivity.3–6  

Such conductivity is due to π-conjugation system of organic molecules, which serves as 

conductive pathways of freely mobile charged carriers generated: either by removing electrons 

from (oxidation), or inserting them into (reduction), the material.  The remarkable progress 

in conductive organic materials was triggered by the discovery of conjugated polymers7–9 and 

fullerenes.10–12  Consequently, novel applications such as electromagnetic shielding of circuit, 

anti-static coating, and various electronic devices have been made.  On the other hand, the π-

conjugation raises the highest occupied molecular orbital (HOMO) level and lowers the 

lowest unoccupied molecular orbital (LUMO) level, resulting in a smaller bandgap.  

Consequently, typical organic semiconductors have absorption and emission bands in the 

visible region.13,14  Therefore, organic semiconductors have drawn much attention for not 

only their excellent conductive properties but also their unique optical properties.   

 Recently, organic semiconductors have been intensively studied as key materials in 

organic electronic or optoelectronic devices such as organic light-emitting diodes (OLED),15–

18 organic field-effect transistors (OFET),19–23 memory devices,24,25 and organic photovoltaic 
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cells.26–33  Various electronic devices have marvelously improved our lives in the last decade, 

and will make them much more convenient on demand.  The main parts of the present 

electronic/optoelectronic devices are made of metals and inorganic semiconductors such as 

silicon and germanium.  These materials are stable and reliable in air and even at high 

temperatures.  On the other hand, organic semiconductors are excellent features such as 

flexibility, light-weight, processability, and ease of chemical modification.  The former points 

of these features are relating to good portability and smart design.  The ease of chemical 

modification is of great importance for tuning properties such as conductivity and solubility.  

Furthermore, electronic/optoelectronic devices based on organic semiconductors can be 

fabricated simply by solution processes such as printing and coating techniques.34–36  This is 

a great advantage for low-cost manufacturing due to large-area, high-throughput, and low-

temperature processing.   

 Organic photovoltaic cells are one of the most important applications to organic 

optoelectronic devices.  Photovoltaic cells are a clean and sustainable source of energy and 

are therefore expected to play an important role in global energy issues.  Photovoltaic cells 

based on inorganic materials have been developed in the last few decades.  These 

photovoltaic cells are already used commercially.  On the other hand, photovoltaic cells based 

on organic materials have been actively studied as next-generation photovoltaic cells.26–33  

Compared to inorganic photovoltaic cells, organic photovoltaic cells are inferior in device 

performance at this moment.  However, as mentioned above, have great advantages of easy 

tunability of conductive and optical properties and suitability for the solution processing based 

on printing and coating technologies.35,36   

 Organic photovoltaic cells are classified into three types: a) dye-sensitized solar cells 

(DSSC),26,27,37,38 b) hybrid cells composed of inorganic and organic semiconductors,28,29,39 and 
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c) organic thin-film solar cells.30–33,40  Among them, DSSCs exhibit the highest power 

conversion efficiency (PCE >10%)41 although the device stability is still a problem because of 

the use of liquid electrolytes.  On the other hand, in hybrid cells and all solid-state organic 

cells, the primary issue is the improvement in PCE.  Currently, PCE of hybrid cells has 

remained at 3.8%,42 but that of organic thin-film photovoltaic cells has been increasing every 

year and now approaches to 8%.43  For further improvement in PCE, novel materials with 

high performance have been extensively developed.  As p-type semiconductors, various 

conjugated polymers have been newly synthesized.44  In contrast, as n-type semiconductors, 

fullerene45,46 and metal oxides such as titanium oxide47–49 and zinc oxide50,51 have been 

exclusively employed in organic photovoltaic cells because they are stable in air compared to 

organic semiconductors.44  On the other hand, it is equally important to design and control 

the device structure precisely because each fundamental process in organic photovoltaic cells 

occurs on a scale of nanometers.  In particular, the thickness of the light-harvesting layer 

should be comparable to the exciton diffusion length.  The fundamental photophysical 

processes in organic photovoltaic cells are described in detail later. 

 The device structure of organic photovoltaics based on π-conjugated small molecules 

can be designed and controlled on a scale of nanometers by the vacuum deposition technique.  

Forrest and co-workers developed multilayered organic thin-film solar cells precisely designed 

by the vacuum deposition of π-conjugated small molecules such as phthalocyanine and 

fullerene.52–55  They discussed quantitatively the fundamental photophysical processes such 

as the light absorption and the exciton diffusion on the basis of the multilayered structures.40  

For example, the photon absorption efficiency of each layer in multilayered cells can be 

quantitatively analyzed using optical simulation with interference effects due to the metal 

electrode.  Therefore, the photon absorption efficiency in the light-harvesting layer can be 
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optimized.  Indeed, they demonstrated PCE of 5.7% for a tandem cell with optimized layered 

structures.52  In the tandem cell, the front cell is designed to collect the light at longer 

wavelengths while the back cell is designed to collect the light at shorter wavelengths.  This 

is because the antinodes of standing waves generated in the cells are located further from the 

reflective metal electrode as the wavelength is increased.  On the other hand, the exciton 

diffusion efficiency can be evaluated quantitatively using one-dimensional diffusion model.40  

Only excitons arriving at a donor/acceptor interface can be dissociated into free carriers that 

can contribute to the photocurrent generation.  In other words, excitons generated far from 

the interface cannot contribute to the photocurrent generation.  In most organic 

semiconductors, the exciton diffusion length has been reported to be of the order of ~10 nm.44  

Therefore, the thickness of the light-harvesting layer should be designed precisely on a scale 

of nanometers.  As mentioned above, such precise nanostructures can be designed by the 

vacuum deposition technique.  However, it is difficult to fabricate multilayered devices with 

the nanometer precision by typical solution processes.35  Furthermore, there are no reports on 

the analysis of a series of fundamental steps on the basis of layered structures of photovoltaic 

cells fabricated by the solution process.   

 Self-assembling is useful not only for designing and fabricating nanostructures by the 

solution process56–58 but also for building up macroscopic devices.59,60  This spontaneous 

assembling is due to inherent properties of materials in solution, at the liquid–liquid interface, 

at the air–liquid interface, or on substrates.  The assembled materials in solution give various 

supramolecular nanostructures such as rod,61 fibers,62 tubes,63 and vesicles.64  Even if such 

fine and complicated nanostructures are prepared in solution, it is not available for solid 

devices unless they are immobilized on solid substrates.  Langmuir–Blodgett (LB) technique 

provides highly-ordered self-assembled ultrathin films on substrates.65–70  In this technique, a 
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condensed monolayer of amphiphilic materials is first prepared on pure water, and then the 

monolayer floating on the water is transferred onto a solid substrate layer by layer.  Thus, the 

thickness of LB films can be controlled by the number of transferred layers on a scale of 

nanometers.  Self-assembled monolayer (SAM) is one of the most widely used techniques for 

the modification of solid surfaces.66,68,71–73  For example, thiol-terminated molecules are 

employed for fabricating SAM onto gold substrates to obtain highly-oriented monolayer films.  

Such SAM structures can be immobilized even in pores of porous substrates with a uniform 

thickness.  In this thesis, the layer-by-layer (LbL) deposition technique is employed to 

fabricate ultrathin films with nanostructures on substrates.  The LbL deposition technique is a 

simple and versatile method with easy operation as described in the next section in detail.74–77  

Therefore, various materials can be introduced as components in nanostructured ultrathin 

films.74–77  The thickness can be controlled by the number of deposition cycles on a scale of a 

few nanometers.  This is slightly inferior to the LB technique but precise enough to control 

the fundamental processes in photovoltaic cells.  More importantly, this is the most practical 

technique for industrial application because it has already been applied to roll-to-roll 

processes for large-area fabrication.78,79 

 

1.2.  Layer-by-Layer Deposition Technique 

 The layer-by-layer (LbL) deposition technique is a simple and versatile method for 

fabricating ultrathin films.74–77,80–82  In pioneer work, multicharged polymers were used as 

polyelectrolytes.  Since then, this technique has been applied to various materials such as 

metals, inorganic particles, dyes, peptides, oligonucleotides, proteins, and enzyme.83  

Furthermore, this technique has been employed to fabricate ultrathin-film-coated materials 

such as core-shell nanoparticles77 and two- or three-dimensional patterned structures.76  
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Although various interactions such as charge transfer interaction84 and hydrophobic 

interaction85 are available as the driving force of the LbL deposition, electrostatic interaction 

is most widely employed.  Here, the author explains the general procedure of this technique 

based on electrostatic interaction.  Figure 1–1 shows a schematic illustration of the LbL 

deposition technique.  First, substrates such as glass, quartz, and an indium–tin-oxide (ITO) 

coated glass are washed in detergent and in various solvents with different polarity by 

ultrasonication.  The surface of these substrates can then be negatively charged by immersion 

in Piranha solution (70:30 (v/v) H2SO4 aq / H2O2 aq) or exposure to UV–ozone atmosphere.  

These treatments not only clean the surface of the substrate but also increase its hydrophilicity.  

Next, the substrate is immersed in a solution of positively-charged polyelectrolytes.  Because 

of the electrostatic interaction, which is the driving force of the self-assembly,81 positively-

charged polyelectrolytes are deposited on the surface of the substrate.  As the surface is 

covered by positively-charged polyelectrolytes, the surface charge is changed to positive.  

Consequently, positively-charged polyelectrolytes cannot be deposited on the surface 

furthermore because of the electric repulsion.  In other words, the deposition is 

spontaneously stopped after the full coverage of polyelectrolytes.  Therefore, the thickness of 

each layer can be regulated and controlled on a scale of a few nanometers because the 

deposition amount can be tuned by changing deposition conditions such as ionic strength and 

the charge density on polymer chains.  In turn, negatively-charged polyelectrolytes can be 

deposited on the positively-charged surface.  This deposition cycle gives one bilayer of 

positively-charged polyelectrolytes and negatively-charged polyelectrolytes.  Therefore, 

multilayered ultrathin films can be fabricated by the repetition of alternate immersion in 

solutions of negatively- and positively-charged polyelectrolytes.   
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Figure 1–1.  Schematic illustration of the layer-by-layer assembly. 

 

 Recently, various electronic/optoelectronic ultrathin films have been developed by 

the LbL deposition technique.  As a hole-transporting material, for example, poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) can be fabricated by the LbL 

technique because PEDOT:PSS is a negatively-charged polyelectrolyte.  Wakizaka and co-

workers demonstrated that PEDOT:PSS-based LbL films exhibit good hole-transporting 

ability comparable to that of spin-coating films.86  As a light-harvesting material, poly(p-

phenylenevinylene) (PPV) can be fabricated by the LbL technique because a precursor of 

poly(p-xylene tetrahydrothiophenium chloride) (pre-PPV) is a positively-charged 

polyelectrolyte.  Mattoussi and co-workers demonstrated the photocurrent response of PPV-

based LbL films employed as a light-harvesting layer,87 which are converted from pre-PPV 

LbL films by thermal annealing at 230 °C.  Ogawa and co-workers improved the optical and 

conductive properties of PPV-based LbL films by conversion of pre-PPV at a lower 

temperature of 100 °C.88  Furthermore, they fabricated multilayered photovoltaic cells with 
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PPV LbL films as a light-harvesting layer, the layered structure of which were carefully 

designed and optimized, and demonstrated the best performance with PCE = 0.26% among 

LbL-based organic solar cells.89  Other light-harvesting LbL films have also been reported for 

a polycation attached with a ruthenium derivative in the side chain90 and copper(II) 

phthalocyanine-3,4’,4’’,4’’’-tetrasulfonic acid tetrasodium salt.91  As for an electron-

transporting material, there are several reports on LbL films of fullerene92–95 and carbon 

nanotube.96  However, little is known about the conductive properties of such electron-

transporting LbL films.   

 

1.3.     Organic Photovoltaic Cells 

1.3.1.  Photovoltaic Conversion Processes 

 The primary photophysical processes in organic thin-film solar cells can be divided 

into four sequential steps.40  Figure 1–2 shows typical device structures consisting of three 

functional layers: a hole-transporting layer, a light-harvesting layer, and an electron-

transporting layer.  First, photons are absorbed by the light-harvesting layer, followed by 

exciton generation.  Excitons generated in organic materials are tightly-bound electron–hole 

pairs that cannot be dissociated into free electron and hole at room temperature because of the 

Coulomb attraction.  This is the most obvious difference between organic solar cells and 

inorganic solar cells: photon absorption in inorganic solar cells directly produces freely mobile 

charged carriers.  The photon absorption efficiency ηA is defined as the ratio of the number 

of photons absorbed by the active layer to that of incident photons.  Second, excitons migrate 

to a donor/acceptor interface: the interface of the light-harvesting (donor) layer, and the 

electron-transporting (acceptor) material.  Excitons are randomly mobile as electron–hole 

pairs.  Therefore, some of them can reach a donor/acceptor interface but others cannot.  The 
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exciton diffusion efficiency ηED is defined as the ratio of the number of excitons arriving at a 

donor/acceptor interface before deactivating to the ground state to that of excitons generated.  

Third, excitons arriving at the interface are dissociated into free electron and hole with a 

driving force of the energy difference in HOMO or LUMO levels between two different 

materials.  The charge transfer efficiency ηCT is defined as the ratio of the number of excitons 

dissociated into free carriers and that of excitons arriving at a donor/acceptor interface.  

Finally, dissociated electron and hole are collected to each electrode before charge 

recombination and hence contribute to the photocurrent generation.  The charge collection 

efficiency ηCC is defined as the ratio of the number of free charged carriers collected to the 

electrode and that of free charged carriers generated at a donor/acceptor interface. 

 

 

 

Figure 1–2.  The layered structure of typical multilayered photovoltaic cells and the four 

fundamental steps of photovoltaic conversion processes. 

 

 The external quantum efficiency EQE is defined as the ratio of the number of free 

charged carriers collected to the electrodes to the number of incident photons, which is also 

called the incident photon-to-current conversion efficiency (IPCE).  This efficiency can be 

directly evaluated by measuring the photocurrent and the intensity of the incident 

monochromatic light.  On the other hand, EQE can also be expressed as the product of each 
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efficiency of four sequential steps.40   

EQE = ηA × ηED × ηCT × ηCC                  (1–1)   

The photon absorption efficiency ηA in multilayered structures is quantitatively estimated by 

optical simulation as described in detail in the next section.  The exciton diffusion efficiency 

ηED is evaluated by the one-dimensional diffusion model, which is described in Chapter 4.  

The charge transfer efficiency ηCT is set to unity for conjugated polymer and fullerene.  

Indeed, ultrafast charge transfer has been reported for blend films of poly[2-methoxy-5-(3,7-

dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM).97  Finally, the charge collection efficiency ηCC is calculated using the 

other parameters ηA, ηED, ηCT, and EQE.   

1.3.2.  Photon Absorption in Multilayered Thin Films 

 Photocurrent is as mentioned above directly related to the number of absorbed 

photons, which is the upper limit of the photocurrent.  For thick-film devices the time-

averaged energy dissipated by light absorption Q(x) can be simply described as a function of 

the optical path length x in the device by  

xeIxQ αα −= 0)(                          (1–2)   

where α is the absorption coefficient and I0 is the intensity of the incident light.  The number 

of time-averaged absorbed photons is the product of Q(x) and λ/hc where λ is the wavelength 

of the incident light, h is the Planck’s constant, and c is the speed of light, respectively.  For 

thin-film devices where x is comparable to λ, however, interference effects should be included 

in the calculation.  In this section, the authors explains how to evaluate the number of 

absorbed photons in multilayered photovoltaic cells on the basis of the optical transfer-matrix 

theory described by Heavens,98 previously applied to organic photovoltaic cells by Pettersson 

et al.,99 and Yang et al.100. 
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Figure 1–3.  Illustrations of optical simulation in a general multilayered structure having m 

layers (including metal electrode).  The optical electric field of waves propagating in the 

positive x direction and negative x direction are denoted as E+ and E
−, respectively.   

 

This model includes several assumptions as follows: 1) each layer is considered as 

homogeneous and isotropic and therefore its refractive index is considered to be a scalar 

complex, 2) all interfaces between layers are parallel and flat compared to the wavelength of 

the incident light, 3) the incident light can be described to a plane wave.  Figure 1–3 shows 

the geometry of the multilayer stack employed in the optical electric field calculation.  The 

time-averaged absorbed power of layer j, Qj(x), as a function of position x is given by  

2

0 )(
2

1
)( xncxQ jjjj Eαε=                     (1–3)   

where ε0 is the permittivity of free space and αj is the absorption coefficient of layer j, Ej(x) is 

the optical electric field amplitude in layer j.  Note that αj is related to the extinction 

coefficient of layer j, kj, as follows: αj = 4πkj/λ.  The number of time-averaged absorbed 

photons is obtained to be the product of Qj(x) and λ/hc.  As a result, the efficiency of 

absorption of photons ηA is calculated by the ratio of the number of time-averaged absorbed 

photons to the number of the time-averaged incident photons.   

 Expanding eq. 1–3, another expression of Qj(x) is given by99 
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where Tj = (nj/n0)|tj
+|2 is the internal intensity transmittance, and ρj

+ and δj
+ are the absolute 

value and the argument of the complex reflection coefficient for the positive-directing partial 

system.  As seen in eq. 1–4, Qj(x) is described by three terms.  The first term originates from 

the optical electric field propagating in the positive x direction.  The second term originates 

from the optical electric field propagating in the negative x direction.  The third term is due to 

interference of two waves.  From the equation, photovoltaic cells, which have the highly 

reflected interface such as metal electrode, have a large impact on optical interference.  In 

other words, optical interference effect should be considered in most photovoltaic cells of the 

multilayered thin film.   

 

1.4.  Outline of This Thesis 

 This thesis consists of six chapters.  The first chapter describes the background and 

the motivation of this thesis.  The following chapters are divided into two parts.   

 In Part I (Chapters 2–3), electron-transporting LbL films are described.  In Chapter 

2, ultrathin films of water-soluble fullerene derivatives are fabricated by the LbL deposition 

technique.  The author discusses the deposition mechanism and characterizes the conductive 

properties of these films.  Conductivity and electron mobility of the fullerene LbL films 

suggests that the fullerene films can serve as an efficient electron-transporting layer in well-

defined nanostructures of LbL films.  In Chapter 3, ultrathin films of titanium oxide are 

described.  These films are obtained by thermal-conversion of the precursor film fabricated 

by the LbL deposition technique.  The author characterizes conductive properties of those 

films, and applies as an electron-transporting layer in organic photovoltaic cells.  Both of 

conductivity and electron mobility of the titanium oxide LbL film are as high as that of the 

titanium oxide semiconductor film.  Furthermore, the author demonstrates that the LbL film 
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can serve as an electron-transporting layer in organic photovoltaic cells.   

 In Part II (Chapters 4–6), poly(p-phenylenevinylene) (PPV) LbL films as a light 

harvesting layer are described.  In Chapter 4, the correlation between internal nanostructures 

and the photovoltaic conversion process in multilayered solar cells based on PPV LbL films is 

described.  The photon absorption efficiency ηA is evaluated using optical simulation.  The 

exciton diffusion efficiency ηED is estimated using a one-dimensional diffusion model from 

the photoluminescence measurement.  From these results, the device performance is 

quantitatively analyzed on the basis of the device structure.  In Chapter 5, the improvement in 

the light-harvesting efficiency of LbL films composed of PPV and a PPV derivative is 

discussed.  Both absorption and emission of the PPV derivative in water/dimethylsulfoxide 

mixed solution are enhanced compared to that in water, suggesting that PPV derivative chains 

are likely to be expanded more in the mixed solvent.  The improvement in the light-

harvesting efficiency of PPV-based LbL films prepared in the mixed solution compared to that 

of the reference cell is demonstrated.  In Chapter 6, interface effects of PPV LbL films in 

hybrid cells of an LbL film and a blend film are discussed.  The author demonstrates the 

improvement in device performance as a result of the improvement in the light-harvesting 

efficiency and the suppression of charge recombination by PPV LbL films.   
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Chapter 2 

 

Fabrication and Conductive Properties of Multilayered Ultrathin Films 

Designed by Layer-by-Layer Assembly of Water-Soluble Fullerenes 

 

 

2.1.  Introduction 

 Fullerenes and their derivatives have attracted extensive attention as a promising 

material in organic electronic devices owing to the prominent electron-accepting ability and 

the high electron mobility.1–4  Fullerenes are inherently insoluble in aqueous solutions 

because of their extremely hydrophobic nature, but can be made amphiphilic and hence 

soluble by incorporating appropriate functional groups such as ionic units.  Fullerene 

amphiphilic derivatives have drawn increasing attention because of their self-assembling 

property to form various supramolecular nanostructures.5–7  For example, cationic fullerenes 

such as fulleropyrrolidiniums have been reported to self-assemble into nanorods,8,9 

vesicles,8,10 and spheres.9  Some anionic fullerenes also form stable large bilayered vesicles 

similar to those of chain-based surfactants and lipids.11,12  From the detailed structural 

analysis, the potassium salt of a pentaphenyl fullerene derivative was found to spontaneously 

associate into bilayers and to form spherical vesicles with an average hydrodynamic radius of 

~17 nm.  Furthermore, fullerene derivatives with long alkyl chains yield hierarchically-

ordered supramolecular assemblies such as vesicles, fibers, disks, and cones.13  The self-

assembling properties of fullerene derivatives play a vital role not only in fullerene-based 

nanoscience but also in application to organic electronic devices. 
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 The layer-by-layer (LbL) deposition technique is a simple and versatile method for 

fabricating ultrathin films,14 and therefore applicable to fabricate various types of ultrathin-

films coated on applied materials.15–17  Water-soluble fullerene derivatives also can be 

electrostatically self-assembled into multilayered films in an LbL fashion.  Claus and co-

workers have reported self-assembly of micrometer-thick LbL films of fullerene with 

excellent homogeneity.18  Since the first report of the preparation of uniform fullerene films 

through solution chemistry, fullerene LbL films have been developed with various water-

soluble fullerenes such as fullerols,19 sulfonated derivatives,20–22 carboxylated derivative,23 

and amine-attached derivatives.21,24–26  Furthermore, photovoltaic devices have been reported 

for a combination of water-soluble fullerenes and conjugated polymers.19–21,24,25  Schanze, 

Reynolds, and co-workers reported photovoltaic cells based on LbL thin films of poly(p-

phenylene ethynylene)-based anionic conjugated polyelectrolytes and water-soluble cationic 

fullerene derivatives.24  The LbL-based solar cells exhibited a short-circuit current of 0.5 mA 

cm−2 and a power conversion efficiency of 0.04% at AM1.5 solar conditions, suggesting that 

water-soluble fullerene can serve as an electron-transporting material in the devices.  

However, the deposition mechanism and the conductive properties of such fullerene-based 

LbL films are not fully understood.   

 In this chapter, the author fabricates ultrathin films of water-soluble fullerene 

derivatives by the LbL deposition technique and discuss the deposition mechanism and the 

conductive properties of those films.  Although there are several reports on the fabrication of 

LbL films of water-soluble fullerenes, the deposition mechanism has not been discussed on 

the basis of various self-assembled states of water-soluble fullerenes in aqueous solutions.  In 

most cases, the linear growth of the film thickness is employed as a simple criterion for the 

LbL deposition.  Furthermore, there are no reports on the conductivity and the electron 
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mobility of fullerene-based LbL films, which are fundamental properties for developing 

organic electronic devices.  Herein the author employs two water-soluble fullerenes to 

fabricate ultrathin LbL films.  The dispersion state of the fullerenes in aqueous solutions is 

analyzed by the dynamic light scattering measurement, upon which the deposition mechanism 

of the LbL films is discussed.  Furthermore, the conductivity and the electron mobility of the 

fullerene LbL films evaluated quantitatively suggest that the fullerene films can serve as an 

efficient electron-transporting layer in well-defined nanostructure of LbL films.   

 

2.2.  Experimental Section 

2.2.1.  Materials   

 Two kinds of water-soluble fullerene derivatives were synthesized as reported 

previously:27–29 one is an anionic fullerene with dicarboxylic groups C61(COO−)2 (FDCA) and 

the other is a cationic fullerene with a quaternized amine group C60C2H4N(CH3)2
+ (FMAC).  

For the LbL deposition, water was purified by deionization, distillation, and passing through a 

filtration system (Barnstead Nanopure II).  The anionic fullerene was dissolved at 2 mM with 

water and the cationic fullerene was dissolved at 0.5 mM with a mixed solvent of water and 

dimethylsulfoxide (DMSO) (3:1 by volume).  An aqueous solution of poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS; Aldrich, 1.3 wt% dispersion 

in water, conductive grade) was diluted to 10 mM with water.  Poly(sodium 4-

styrenesulfonate) (PSS; Aldrich, Mw = 70,000 g mol−1) was dissolved at 10 mM with water.  

An aqueous solution of poly(diallyldimethylammonium chloride) (PDDA; Aldrich, 20 wt% in 

water, Mw = 100,000–200,000 g mol−1) was diluted to 10 mM with water.  These solutions 

were employed as polyelectrolyte solutions for the LbL deposition.  Polystyrene (PS; Aldrich, 

Mw = 280,000 g mol−1) was purified by reprecipitation from a toluene solution into methanol 



26 

three times.  A blend solution of PS and C60 (Frontier Carbon Co Ltd.) in o-dichlorobenzene 

(Aldrich) was used for the fabrication of C60-dispersed PS films by spincoating.  The volume 

fraction of C60 in the blend film was varied from 24 to 72 vol% (from 33 to 80 wt% as the 

weight fraction).  Figure 2–1 shows the chemical structures of materials employed in this 

chapter.   

 

 

 

Figure 2–1.  Chemical structures of water-soluble anionic fullerene (FDCA) and cationic 

fullerene (FMAC) and polyelectrolytes employed in this chapter.   

 

2.2.2.  Fabrication of LbL Films   

 For UV–visible absorption and sheet-resistance measurements, quartz substrates 

were employed for the LbL deposition.  These substrates were cleaned by ultrasonication in 

toluene, acetone, and ethanol for 15 min each, then dried with a N2 flow, and further treated 

with a UV–O3 cleaner for 1 h.  For the fabrication of the anionic fullerene LbL films, the 
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substrates were immersed in the cationic solution of PDDA for 5 min, and rinsed in water for 

3 min.  Subsequently, they were immersed in the anionic solution of FDCA for 5 min, and 

rinsed in water for 3 min.  This cycle gives one bilayer of PDDA/FDCA.  The anionic 

fullerene LbL films with n bilayers of PDDA and FDCA are abbreviated as (PDDA/FDCA)n.  

For the fabrication of the cationic fullerene films, 4 bilayers of PDDA and PSS were prepared 

as a precoating film on the quartz substrate.  The precoated substrates were immersed in the 

cationic solution of FMAC for 5 min, and rinsed in water for 3 min.  Subsequently, they 

were immersed in the anionic solution of PSS for 5 min, and rinsed in water for 3 min.  The 

cationic fullerene LbL films with (n + 0.5) bilayers of FMAC and PSS are abbreviated as 

(FMAC/PSS)n/FMAC.  Note that LbL films were completely dried under a flow of air for 4–

6 min after each immersion and rinse except for the deposition of FMAC.  For J–V 

characteristics measurements, indium–tin-oxide (ITO)-coated glass substrates (10 Ω square−1) 

were employed for the LbL deposition.  The substrates were cleaned as described above.  

First, a buffer layer was prepared by the LbL deposition of PEDOT:PSS and PDDA as 

reported previously.30  The thickness was 100 nm.  Second, anionic or cationic fullerene 

LbL films were fabricated on the buffer layer.  Finally, LiF and Al were thermally deposited 

at 2.5 × 10−6 Torr on top of the LbL film.  Each electrode thickness was <1 nm for LiF and 

50 nm for Al.  The layered structure is abbreviated as ITO|PEDOT:PSS|(PDDA/FDCA)n| 

LiF|Al or ITO|PEDOT:PSS|(FMAC/PSS)n/FMAC|LiF|Al.  As a control, C60:PS blend films 

were also prepared by spincoating from the blend solution of PS and C60 for the sheet-

resistance and the J–V characteristics measurements.   
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2.2.3.  Measurements   

 The particle size and zeta potential of fullerene clusters dispersed in solution were 

evaluated by dynamic light scattering measurement (Otsuka Electronics, ELS-Z2).  Before 

the measurements, the fullerene-dispersed solutions were ultrasonicated, followed by filtering 

through a 0.45-µm syringe filter.  The distribution of the particle size was calculated using 

the algorithm of Marquardt.  The UV–visible absorption and fluorescence spectra of 

fullerene-dispersed solutions and anionic or cationic fullerene LbL films were measured with 

a spectrophotometer (Hitachi, U-3500) and a fluorescence spectrophotometer (Hitachi, F-

4500), respectively.  The film thickness and surface morphology of anionic or cationic 

fullerene LbL film were measured with an atomic force microscope (AFM; Shimadzu, SPM-

9500J) in contact mode.  The surface resistivity ρs of anionic or cationic fullerene LbL films 

and C60:PS blend films was measured with a ring probe (Mitsubishi Chemical Analytech, UR-

SS) connected to a digital electrometer (Advantest, R8252).  In this measurement, the sample 

resistance is typically so high that the contact resistance between the electrodes and the sample 

is negligible.  The J–V characteristics of the films were measured with a DC voltage current 

source/monitor (Advantest, R6243).   The electron mobility µe was evaluated from the space 

charge limited current (SCLC), which is described by 

3

2
RSBI

er0

)(

8

9

d

VVV
J

−−
= µεε                    (2–1)   

where ε0 is the permittivity of free space and εr is the relative dielectric constant.  The 

effective εr of multicomponent films was estimated as the volume average of each component: 

εr(C60) = 4.4,31 εr(PDDA) = 1.8,32 εr(PS) = 2.6,32 and εr(PSS) = 2.3.33,34  The value of VRS is 

the voltage drop due to the series resistance rs, where VRS was obtained as the product of rs 
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and the device area.  The built-in-voltage VBI and rs were treated as fitting parameters.35  All 

measurements were performed in air at room temperature. 

 

2.3.  Results and Discussion 

2.3.1.  Fullerene Dispersion in Aqueous Solution   

 For the successive LbL deposition, materials should have at least two charged groups 

and hence polyelectrolytes are most preferable to a component of LbL films.  However, 

water-soluble fullerenes employed in this chapter have only one or two ionic groups in one 

side of the molecule: FDCA has two carboxyl anion groups and FMAC has only one amino 

cation group.  In other words, if these water-soluble fullerenes were molecularly dispersed in 

aqueous solutions, the successive LbL deposition would be impossible.  As shown in Figure 

2–2, no characteristic absorption peak but just a broad absorption tail was observed for both 

FDCA and FMAC solutions.  These broad absorption spectra are ascribed to the formation of 

fullerene aggregates.36,37  Interestingly, some amphiphilic fullerene derivatives have been 

reported to form bilayer vesicles in aqueous solutions.8,11  To clarify the dispersion state of 

the water-soluble fullerenes in aqueous solutions, the author measured the dynamic light 

scattering of the solution.  As shown in Figure 2–3, both materials exhibited bimodal peaks 

in the distribution of the particle size: a major peak at ~20 nm and a minor peak at ~70 nm 

were observed for FDCA, and a minor peak at ~60 nm and a major peak at ~180 nm were 

observed for FMAC.  A previous TEM study reported that FMAC in aqueous solutions 

forms vesicles with a diameter of 10–70 nm and a shell thickness of 3–6 nm.8  The author 

therefore ascribes the minor peak to FMAC vesicles and the major peak to aggregates of 

FMAC vesicles.  The same could be said for FDCA.  Indeed, pentaphenyl anionic 

fullerenes have been reported to form stable spherical bilayer vesicles in water.11  On the 
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other hand, the zeta potential was found to be −28 mV for FDCA and +27 mV for FMAC, 

which are indicative of stable dispersion as polyanion and polycation, respectively,38 because 

of the electric repulsion.  In other words, both water-soluble fullerenes are considered to be 

dispersed as stable polyelectolytes in the aqueous solutions, which are preferable to the LbL 

deposition.   
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Figure 2–2.  Absorption spectra of FDCA in water (solid line) and FMAC in a mixed solvent 

of water and DMSO (3/1 by volume) (broken line).  The concentration of water-soluble 

fullerenes was 2.0 × 10−5 M. 
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Figure 2–3.  Apparent distribution of the particle size: a) FDCA and b) FMAC in the 

aqueous solutions.   
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Figure 2–4.  Absorption spectra of fullerene LbL films on quartz substrates: a) PDDA/FDCA 

(4, 8, 12, 16 bilayers) and b) FMAC/PSS (0, 2.5, 5.5, 8.5 bilayers) where the spectrum of 0 

bilayers is due to a precursor film of (PDDA/PSS)4.  The insets show plots of the absorbance 

at 260 nm against the number of bilayers. 
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 Figure 2–4a shows absorption spectra of anionic fullerene LbL films on quartz 

substrates.  The absorption increased with an increase in the number of bilayers of 

PDDA/FDCA.  This broad absorption is ascribed to FDCA because PDDA has no absorption 

in this wavelength range.  On the other hand, Figure 2–4b shows absorption spectra of 

cationic fullerene LbL films on quartz substrates.  The absorption also increased with an 

increase in the number of bilayers of FMAC/PSS.  Note that the absorption spectrum of 0 

bilayers is ascribed to PSS in the precoating film of (PDDA/PSS)4.  In other words, the 

absorption at 225 nm and the broad absorption are ascribed to PSS and FMAC, respectively.  

As shown in the insets of the figure, the absorbance at 260 nm increased in proportion with 

the number of bilayers.  This linear growth indicates that both FDCA and FMAC can be 

quantitatively deposited in the LbL fashion.  Figure 2–5 shows AFM images of anionic or 

cationic fullerene LbL films: (a) a (PDDA/FDCA)6 LbL film  and (b) a 

(FMAC/PSS)5/FMAC LbL film.  The bright area on the right side is the surface of the LbL 

film and the dark area on the left side is the surface of the quartz substrate exposed by 

scratching.  Both LbL thin films were pinhole-free and the surface roughness was less than 

10 nm, suggesting homogeneous deposition of FDCA or FMAC.  From the difference in 

height between these levels, the total thickness was evaluated to be 40 nm for both anionic 

fullerene and cation LbL films.  As shown in Figure 2–6, the thicknesses of fullerene LbL 

films increased in proportion with the number of bilayers.  The linear growth is consistent 

with the linear increase in the absorbance mentioned above, suggesting again quantitative 

deposition of both FDCA and FMAC in the LbL fashion.  From the slopes in Figure 2–6, the 

bilayer thickness was evaluated to be 5.8 nm for the anionic fullerene LbL film and 4.5 nm for 

the cationic fullerene LbL film.   
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Figure 2–5.  AFM images of fullerene LbL films on quartz substrates: a) (PDDA/FDCA)6 

and b) (FMAC/PSS)5/FMAC films.  In each image, the left side of the film was scratched 

out.   
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Figure 2–6.  Plots of the thickness of fullerene LbL films against the number of bilayers: a) 

PDDA/FDCA (6, 8, 12, 16 bilayers) and b) FMAC/PSS (0, 2.5, 5.5, 8.5 bilayers) where the 

thickness of 0 bilayers is due to a precursor film of (PDDA/PSS)4.   
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 From the absorption band of PSS at 225 nm, the author can evaluate the thickness of 

PSS layer in the cationic fullerene LbL film by using an absorption coefficient of 170,000 

cm−1 at 225 nm, which was measured for a spincoating film of PSS.  Figure 2–7 shows the 

thickness of PSS layers plotted against the number of bilayers.  From the slope in Figure 2–7, 

the monolayer thickness of PSS was estimated to be 0.5 nm.  Consequently, the monolayer 

thickness of FMAC was estimated to be 4 nm.  In other words, the volume fraction of FMAC 

in the cationic fullerene LbL film is as large as ~80 vol%, suggesting that there exist 

conductive pathways of fullerene in the LbL film as described below.  On the other hand, as 

shown in Figure 2–4a, no absorption of PDDA was observed for the anionic fullerene LbL 

films.  Therefore, the author cannot quantitatively estimate the volume fraction of each 

component in the anionic fullerene LbL films.  The author will discuss later the electron 

mobility in the cationic fullerene LbL film on the basis of the volume fraction.   
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Figure 2–7.  Plots of the thickness of PSS layers in cationic fullerene LbL films against the 

number of bilayers.  The thickness is evaluated by using an absorption coefficient of 170,000 

cm−1 at 225 nm for PSS.   
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 It is worth noting that the particle size of fullerene vesicles in the aqueous solutions is 

more than 10 times larger than the monolayer thickness of the fullerene LbL films.  As 

shown in Figure 2–5, there are no signs of the direct deposition of such large vesicles as they 

are.  Boxer and co-workers proposed that the adsorption of vesicles on a substrate results in 

bilayer formation in the following four steps39,40 1) adsorption of single vesicle on a substrate, 

2) fusion of vesicles on the surface to form larger vesicles, 3) rupture of the fused vesicles to 

form bilayer disks on the surface, 4) merging of the isolated bilyer disks to form a continuous 

bilayer film.  Consequently, the film thickness should correspond to the shell thickness of 

bilayer vesicles.  As mentioned above, the shell thickness of bilayer FMAC vesicles is 

known to be 3–6 nm, which is in good agreement with the monolayer thickness of the cationic 

fullerene LbL films (4 nm).  The author therefore concludes that fullerene LbL films are 

formed in a fashion similar to that described above and hence homogeneous and pin-hole free.  

Figure 2–8 summarizes the proposed formation mechanism and the layered structure of 

fullerene LbL films. 
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Figure 2–8.  Schematic illustration of the proposed formation mechanism and the resultant 

layered structure of fullerene LbL films. 

 

2.3.3.  Conductive Properties of Fullerene LbL Films 

2.3.3.1.  C60:PS Blend Films   

 To discuss the conductive properties of fullerene LbL films, the author first measured 

the electronic properties such as conductivity σ and electron mobility µe of C60:PS blend films 

for comparison.  The volume fraction of C60 in the blend film was varied from 24 to 72 vol%.  

The conductivity σ of C60:PS blend films was evaluated to be 2 × 10−8 S cm−1 at a C60 fraction 

of 72 vol% and 4 × 10−11 S cm−1 at a C60 fraction of 39 vol% from the surface resistivity 

measurement.  Note that the conductivity of a C60:PS blend film (24 vol% C60) was too low 
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to be measured because of undetectable current.  The electron mobility µe of C60:PS blend 

films was evaluated from the space-charge limited current.  Figure 2–9a shows semi-

logarithmic plots of the J–V characteristics of C60:PS blend films against V−VBI−VRS: The 

circles, triangles, and squares represent the J–V characteristics of C60:PS blend films with a 

C60 fraction of 72, 39, and 24 vol%, respectively.  The solid lines represent the fitting curves 

by using eq. 2–1.  Table 2–1 summarizes µe of C60:PS blend films evaluated from the fitting 

analysis.  As shown in Figure 2–9b, µe increased with an increase in the volume fraction of 

C60, suggesting that a better electric network was fixed for the transport of charge carriers at 

higher volume fractions of C60 in the blend films.  These values are in good agreement with 

those in previous reports.35,41,42  This ensures the reliability of the measurements.   
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Figure 2–9.  a) Semi-logarithmic plots of the J–V characteristics of C60:PS blend films 

against V−VBI−VRS: The circles, triangles, and squares represent plots of C60:PS blend film of 

72 vol% (film thickness d = 45 nm, VBI = 0.5 V, series resistance rs = 12 Ω, µe = 7 × 10−4 cm2 

V−1 s−1), 39 vol% (d = 150 nm, VBI = 0.2 V, rs = 10 Ω, µe = 1 × 10−4 cm2 V−1 s−1), and 24 vol% 

(d = 140 nm, VBI = 0.2 V, rs = 10 Ω, µe = 3 × 10−5 cm2 V−1 s−1) C60 fraction, respectively.  

The solid lines represent the fitting curves using eq. 2–1.  b) Plots of µe of C60:PS blend films 

against the volume fraction of C60.  The solid line is guided by eye.   
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Table 2–1.  The conductivity σ and the electron mobility µe of the C60:PS blend film and 

fullerene LbL films.   

 C60 fraction / vol% σ / S cm−1 
µe / cm2 V−1 s−1 

C60:PS blend film 0.24 —a 3 × 10−5 

 0.39 4 × 10−11 1 × 10−4 

 0.72 2 × 10−8 7 × 10−4 

PDDA/FDCA LbL film — 6 × 10−10 — 

FMAC/PSS LbL film 0.8 5 × 10−8 3 × 10−5 
a The value of σ for a C60:PS blend film with 24 vol% C60 fraction was not obtained because 

of the large surface resistivity. 

 

2.3.3.2.  Fullerene LbL Films   

 In the same way, the conductivity of fullerene LbL films was estimated to be 6 × 

10−10 S cm−1 for FDCA and 5 × 10−8 S cm−1 for FMAC.  These values are comparable to 

those of C60:PS blend films with higher C60 fractions.  This finding is consistent with the 

previous report that LbL films exhibit efficient hole transport comparable to spincoat films,30 

suggesting that there exist percolating networks in the direction normal to the substrate even 

in the LbL films.  Such effective percolation in the fullerene LbL films is owing to the large 

volume fraction of ionic fullerenes as high as ~80 vol%, in addition to the interpenetrating 

characteristics of LbL films as reported previously.30  To prove the electron transport in the 

networks, the author evaluated the electron mobility µe of cationic fullerene LbL films.  

Figure 2–10 shows the semi-logarithmic plots of the J–V characteristics of cationic fullerene 

LbL films against V−VBI−VRS.  The solid line represents fitting curves for the J–V 

characteristics by using eq. 2–1 where εr was estimated to be 4.2 considering the volume 

fraction of fullerene in LbL films.  As a result, µe of cationic fullerene LbL films was 3 × 
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10−5 cm2 V−1 s−1.  This value is one order of magnitude smaller than that of C60:PS blend 

film at a similar fraction of C60 (~72 vol%), but is rather comparable to that at a lower fraction 

of C60 (24 vol%).  This result is different from the case of LbL films based on poly(p-

phenylenevinylene) (PPV) and PSS.  As reported previously, the hole mobility µh of 

PPV/PSS LbL films is even higher than that of PPV pristine films because of the 

interpenetrating structure.43  In polymer LbL films, a polyelectrolyte chain can easily contact 

with other chains interpenetrating from the adjacent layers because there are many adsorption 

sites in a molecule.  In contrast, fullerene bilayers cannot directly contact with other bilayers, 

because insulated by PSS anions as shown in Figure 2–8.  Nonetheless, µe of cationic 

fullerene LbL films is comparable to the hole mobility in PPV/PSS LbL films that can serve 

as an efficient hole-transporting material in organic solar cells.  This is probably because the 

PSS insulating layer is as thin as 0.5 nm and therefore unlikely to prevent the charge transport.  

The author therefore concludes that the cationic fullerene LbL films also can serve as an 

efficient electron-transporting material. 
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Figure 2–10.  Semi-logarithmic plots of the J–V characteristics of cationic fullerene LbL 

films against V−VBI−VRS (d = 103 nm, VBI = 0.9 V, rs = 10 Ω, µe = 3 × 10−5 cm2 V−1 s−1).  The 

solid line represents the fitting curve using eq. 2–1. 

 

2.4.  Conclusions 

 The author fabricated fullerene ultrathin films by the LbL deposition and 

characterized the layered structure and the conductive properties.  Two types of water-

soluble fullerenes were employed: one is an anionic fullerene C61(COO−)2 (FDCA) and the 

other is a cationic fullerene C60C2H4N(CH3)2
+ (FMAC).  From the dynamic light scattering 

measurement, the particle size dispersed in aqueous solutions was evaluated to be ~20 nm (the 

major fraction) and ~70 nm (the minor fraction) for FDCA and ~60 nm (the minor fraction) 

and ~180 nm (the major fraction) for FMAC.  The zeta potential was as high as −28 mV for 

FDCA and +27 mV for FMAC, suggesting that both water-soluble fullerenes are stably 

dispersed as polyelectrolytes in aqueous solutions.  The author ascribed the stable 

polyelectrolytes to fullerene vesicles on the basis of comparison with previous reports.  The 

fullerene ultrathin films were successfully deposited by LbL assembly of PDDA/FDCA and 
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FMAC/PSS.  The film thickness increased in proportion to the number of deposition cycles, 

which is indicative of the linear growth in the LbL fashion.  The bilayer thickness was 

evaluated to be 5.8 nm for PDDA/FDCA and 4.5 nm for FMAC/PSS LbL films.  The 

monolayer thickness of FMAC in the LbL film was estimated to be 4 nm, which is consistent 

with the shell thickness of FMAC vesicles in aqueous solutions.  The author therefore 

concludes that fullerene LbL films consist of counter polymer films and fullerene bilayer films 

formed by rupture of fullerene vesicles.  The conductivity σ was 6 × 10−10 S cm−1 for 

PDDA/FDCA and 5 × 10−8 S cm−1 for FMAC/PSS LbL films.  These values are comparable 

to that of C60:PS blend films with higher C60 fractions, suggesting that there exist effective 

percolating networks in the fullerene LbL films.  Indeed, the electron mobility µe of cationic 

fullerene LbL films was as high as 3 × 10−5 cm2 V−1 s−1.  This is primarily due to the large 

volume fraction of FMAC, which was as high as ~80 vol%, in the cationic fullerene LbL film.  

The electron mobility µe of cationic fullerene LbL films is comparable to the hole mobility in 

PPV/PSS LbL films that can serve as an efficient hole-transporting material in organic solar 

cells.  The author therefore concludes that the LbL assembly of water-soluble fullerenes is 

useful for fabricating efficient electron-transporting ultrathin films of fullerene materials with 

a precisely-controlled thickness. 
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Chapter 3 

 

Conductive and Photovoltaic Properties of Multilayered Ultrathin Films 

Designed by Layer-by-Layer Assembly of Titanium Oxides 

 

 

3.1.  Introduction 

 Titanium oxide, titania, has drawn attention because of its attractive optical and 

electronic characteristics.  Various applications have been reported, such as optical filters, 

photocatalysts, and electronic devices.1–4  Titania thin films have been fabricated not only by 

dry processes such as thermal deposition, sputtering, and chemical vapor deposition1,3,5 but 

also by the sol–gel method and other solution processes.6–8  The solution processes are 

suitable for large-area and low-temperature fabrication, and are also applicable to the 

fabrication of organic–inorganic hybrid materials.  Titanium alkoxides have been widely 

used as a precursor of titania.  However, it is difficult to control the particle size precisely 

because of the rapid reaction of alkoxides in water.  Thus, chemical additives are needed to 

control hydrolysis and condensation moderately.9  Recently, bis(ammonium lactato)titanium 

dihydroxide (TALH) has been developed as a useful starting material of titania synthesis from 

an aqueous solution, because TALH is stable even in water at ambient temperature in contrast 

to titanium alkoxides.  The hydrolysis and conversion of TALH into titania have been studied 

by Möckel and co-workers in detail.  They reported that titania converted from TALH is 

composed of monodisperse nanoparticles.10  Furthermore, TALH serves as a negatively-

charged ion in water, and is therefore applicable as an adsorbate in the layer-by-layer (LbL) 
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deposition technique.  Consequently, various nanostructures of titania such as core–shell 

nanoparticle,11 nanotube,12 and three-dimensional porous film13,14 have been reported so far.   

 The LbL deposition technique, which has been developed by Decher, is based on 

electrostatic self-assembly of oppositely-charged species, and is now widely employed as a 

simple and versatile method for fabricating multilayered nanostructures.15–18  As mentioned 

above, there are several reports on titania thin films developed by the LbL assembly of TALH.  

Caruso and co-workers fabricated multilayered thin films of TALH and some polyelectrolytes 

by the LbL deposition technique.19  Kim and co-workers applied titania-based LbL thin films 

converted from TALH to transparent photocatalyst20 and anti-reflection film.21  On the other 

hand, titania has been widely used as an excellent electron-transporting material in 

photovoltaic cells.  For example, titania nanoporous thin layers are employed as an electron-

transporting material in dye-sensitized solar cells,22 and titania nanoparticles are blended as an 

electron-accepting material with a conjugated donor polymer in organic–inorganic hybrid 

solar cells.23  Thus, titania-based LbL thin films are a promising material in multilayered 

photovoltaic cells.  However, there are no reports on the conductive properties of titania-

based LbL thin films. 

 In this chapter, the author fabricates titania-based LbL films from TALH, 

characterizes the conductive properties, and demonstrates their application to photovoltaic 

cells.  The dispersion state of TALH in water is analyzed by the dynamic light scattering 

measurement to discuss the deposition of TALH in the LbL assembly.  The layered structure 

of the films is revealed by absorption and AFM measurements.  The conductivity and 

electron mobility of the titania-based LbL films are evaluated quantitatively, suggesting that 

the titania-based LbL films can serve as an efficient electron-transporting material.  Finally, 

photovoltaic properties are also demonstrated with multilayered solar cells designed by LbL 



49 

assembly of TALH/poly(diallyldimethylammonium chloride) (PDDA) and poly(p-

phenylenevinylene) (PPV)/poly(sodium 4-styrenesulfonate) (PSS).   

 

3.2.  Experimental Section 

3.2.1.  Materials   

 For the LbL deposition, water was purified by deionization, distillation, and passing 

through a filtration system (Barnstead Nanopure II).  An aqueous solution of titanium(IV) 

bis(ammonium lactato)dihydroxide (TALH; Aldrich, 50 wt% in water), which is a precursor 

of titania, was diluted to 5 wt% aqueous solution with water.  An aqueous solution of 

poly(diallyldimethylammonium chloride) (PDDA; Aldrich, 20 wt% in water, Mw = 100,000–

200,000 g mol−1) was diluted to 1 mg mL−1 with 0.5 M NaCl aqueous solution.  Poly(p-

xylene tetrahydrothiophenium chloride) (pre-PPV; Aldrich, 0.25 wt% in water), which is a 

precursor of poly(p-phenylenevinylene) (PPV), was diluted to 1 mM with water.  

Poly(sodium 4-styrenesulfonate) (PSS; Aldrich, Mw = 70,000 g mol−1) was dissolved at 10 

mM with water.  The pre-PPV solution was adjusted to pH 8–9 with an NaOH aqueous 

solution.  An aqueous solution of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS; Aldrich, 1.3 wt% dispersion in water, conductive grade) was diluted to 10 mM 

with water.  These solutions were employed as polyelectrolyte solutions for the LbL 

deposition.  An aqueous solution of anatase TiO2 nanoparticles with a diameter of 20 nm 

(Solaronix SA) was used for the fabrication of a nanoporous (np)-TiO2 film.  Poly(3-

hexylthiophene) (P3HT; Aldrich, regioregular, Mn = 45,000–65,000, 99.995%) was dissolved 

to 1 wt% solution with chlorobenzene.  Figure 3–1 shows the chemical structures of 

materials employed in this chapter.   
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Figure 3–1.  Chemical structures in this chapter. 

 

3.2.2.  Fabrication of LbL Films 

 For UV–visible absorption and sheet-resistance measurements, quartz substrates 

were employed for the LbL deposition.  These quartz substrates were cleaned by 

ultrasonication in toluene, acetone, and ethanol for 15 min each, then dried with a N2 flow, 

and treated with a UV–O3 cleaner for 1 h.  The substrates were immersed in a cationic 

solution of PDDA for 15 min, and rinsed in water twice for 2 min and 1 min each.  

Subsequently, they were immersed in an anionic solution of TALH for 15 min, and rinsed in 

water for 3 min.  This cycle gives one bilayer of PDDA/TALH.  The LbL films with n 

bilayers of PDDA and TALH are abbreviated as (PDDA/TALH)n.  Note that PDDA/TALH 

LbL films were not dried after each immersion and rinsing.  The PDDA/TALH LbL films 

were annealed in air to convert to PDDA/TiOx LbL films.  The LbL films were annealed first 
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at 65 °C for 3 h, and then at different temperatures from 70 to 220 °C for 24 h.  Similarly, 

pre-PPV/TALH LbL films were fabricated as described in Ref 24 and PPV/TiOx LbL films 

were obtained by annealing at 220 °C for 12 h under vacuum.   

 For the electron-mobility measurement, the indium–tin-oxide (ITO)-coated glass 

substrates (10 Ω square−1) were employed for the LbL deposition.  The substrates were 

cleaned and treated as described above.  First, a buffer layer was prepared by the LbL 

deposition of PEDOT:PSS and PDDA as reported previously.25  The thickness was 100 nm.  

Second, PDDA/TALH LbL films were fabricated on the buffer layer.  Third, the LbL film 

was annealed as described above.  Finally, Al was thermally deposited at 2.5 × 10−6 Torr on 

top of the LbL film.  The thickness of Al was 100 nm.  The layered structure is abbreviated 

as ITO|(PEDOT:PSS/PDDA)20|(PDDA/TiOx)30|Al.  For comparison, np-TiO2 films were 

prepared by spincoating followed by sintering at 150 °C in air for the sheet-resistance and 

electron mobility measurements.   

 Photovoltaic cells with a planar heterojunction structure were fabricated by the LbL 

deposition technique.  First, an acceptor layer was fabricated by the LbL assembly of TALH 

and PDDA on a cleaned ITO substrate as described above.  Second, a donor layer was 

fabricated by the LbL assembly of pre-PPV and PSS as reported previously.24  Third, a buffer 

layer of PEDOT:PSS was prepared by spincoating, followed by annealing at 100 °C for 24 h 

under vacuum.  Finally, Au was thermally deposited.  The thickness was 80 nm for the 

PEDOT:PSS layer and 100 nm for the Au electrode.  The layered structure shown in Figure 

3–2 is abbreviated as ITO|(PDDA/TiOx)5/PDDA|(PPV/PSS)5/PPV|PEDOT:PSS|Au.  For 

comparison, dense TiO2 (d-TiO2) films were prepared by the sol–gel method as reported 

previously.26   
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Figure 3–2.  The layered structure and the energy diagram of the photovoltaic cell with the 

TiOx LbL film.   

 

3.2.3.  Measurements 

 UV–visible absorption spectra of PDDA/TALH LbL films were measured before and 

after thermal annealing with a spectrophotometer (Hitachi, U-3500).  The thickness and 

surface morphology of LbL films were measured with an atomic force microscope (AFM, 

Shimadzu, SPM-9500J) in contact mode.  The particle size of TALH in water was evaluated 

by the dynamic light scattering measurement (DLS, Otsuka Electronics, ELS-Z2).  The 

dynamic light scattering data were analyzed by the cumulant approach.  The surface 

resistivity of LbL films and np-TiO2 film was measured with a ring probe (Mitsubishi 

Chemical Analytech, UR-SS) connected to a digital electrometer (Advantest, R8252).  The 

conductivity σ is obtained from an inverse of the volume resistivity, which is given by the 

product of the surface resistivity and the film thickness.  The J–V characteristics of devices 

were measured with a DC voltage current source/monitor (Advantest, R6243).  The electron 

mobility µe was evaluated from the space-charge limited current (SCLC), which is described 

by 
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where ε0 is the permittivity of free space and εr is the relative dielectric constant.  The 

effective εr of multicomponent films was estimated as the volume average of each component 

where εr(TiO2) and εr(PDDA) were set at 4527 and 1.8,28 respectively.  The value of VRS is the 

voltage drop, which was given by the product of the series resistance rs, the device area, and 

the current density J.  The built-in-voltage VBI and rs were treated as fitting parameters.29  

The J–V characteristics of photovoltaic cells were measured with the DC voltage current 

source/monitor in the dark and under AM1.5G simulated solar illumination at 100 mW cm−2.  

The external quantum efficiency spectra were measured with the digital electrometer under 

monochromatic light illumination from a 500-W Xe lamp (Thermo Oriel, Model 66921) with 

a monochromator (Thermo Oriel, UV–visible Conerstone) and several optical cut-filters 

(IRQ80, HOYA L-38, and AND-50S-25).  All measurements were performed in air at room 

temperature.   

 

3.3.  Results and Discussion 

3.3.1.  TALH Dispersion in Water 

 To clarify the deposition state of TALH in water, the author measured the dynamic 

light scattering of an aqueous solution of TALH.  As shown in Figure 3–3, the average 

particle size of TALH was estimated to be 5.7 nm by the cumulant approach, with a narrow 

distribution: the polydispersity index less than 0.01.  The particle size remained the same 

even after several hours, suggesting that TALH is stable and does not form larger aggregates 

(oligomer or cluster) in water.  These results are consistent with previous studies on TiOx 

nanoparticles thermally converted from TALH at < 100 °C, in which the size of the TiOx 

nanoparticles was reported to be 3–5 nm.30,31  Thus, the stability of TALH against both 

hydrolysis and condensation to TiOx is probably due to two bulky ligands in TALH, which is a 
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chelate compound of a titanium ion coordinated by two ammonium lactates.  The author 

therefore concludes that TALH is dispersed in water as small aggregates with a diameter of ~6 

nm, which can be deposited on a substrate as described later.   
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Figure 3–3.  Normalized size distribution of TALH nanoparticles dispersed in water.  The 

concentration of TALH is 5 wt% in aqueous solution.   
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3.3.2.  Fabrication of TiOx LbL Films 
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Figure 3–4.  Absorption spectra of PDDA/TALH LbL films (2, 4, 6, 8 deposition cycles) 

before (broken lines) and after (solid lines) thermal annealing.  The inset shows the 

absorbance at 250 nm plotted against the number of deposition cycles. 

 

 Figure 3–4 shows absorption spectra of PDDA/TALH LbL films on quartz substrates 

after various numbers of deposition cycles (n = 2, 4, 6, 8).  The broken and solid lines 

represent the absorption spectra before and after thermal annealing at 95 °C for 24 h, 

respectively.  The absorption at ~250 nm is ascribed to TiOx because PDDA has no 

absorption in this wavelength range and TALH has slightly different absorption.  This 

absorption slightly increased after thermal annealing at 95 °C, as shown in the figure, but 

remained the same after additional thermal annealing at 220 °C for 12 h (data not shown).  

These results indicate that TALH is partially converted into TiOx because of drying during the 

LbL deposition, and completely converted into TiOx after thermal annealing at 95 °C.  As 

shown in the inset of the figure, the absorbance at 250 nm increased in proportion with the 
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number of deposition cycles.  This linear growth indicates that TALH nanoparticles are 

quantitatively deposited in an LbL fashion.  Figure 3–5 shows an AFM image of an LbL film 

of (PDDA/TiOx)6 on a quartz substrate.  The LbL film was pinhole-free with a surface 

roughness of <10 nm, which is indicative of homogeneous deposition of TALH nanoparticles.  

The bright area on the right side is the surface of the LbL film and the dark area on the left 

side is the surface of quartz substrate where the LbL film was scratched out.  From the 

difference in height between these levels, the total thickness of the LbL film was evaluated to 

be 32 nm.  As shown in the inset of Figure 3–5, the thickness of PDDA/TALH LbL films 

after thermal annealing increased in proportion with the number of deposition cycles.  This is 

consistent with the linear growth in the absorbance mentioned above, suggesting again that 

TALH nanoparticles are quantitatively deposited in the LbL fashion.  From the slope in the 

inset, the thickness of PDDA/TiOx bilayer was estimated to be 6.2 ± 0.1 nm.   
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Figure 3–5.  AFM image of a PDDA/TiOx LbL film with 6 bilayers (after annealing).  The 

left side of the film was the surface of quartz substrate where the LbL film was scratched out.  

The inset shows the thickness of PDDA/TiOx LbL films plotted against the number of 

bilayers. 

 

 To evaluate the monolayer thickness of TiOx and PDDA in LbL films, the author 

estimates the absorption coefficient of TiOx layer as follows.  First, PPV/TiOx LbL films 

were prepared by thermal conversion of pre-PPV/TALH LbL films.  The thickness of the 

PPV monolayer can be evaluated using the absorption coefficient 330,000 cm−1 at 400 nm.32  

Next, the total thickness of PPV/TiOx LbL films can be evaluated by AFM measurement as 

described above.  Thus, the thickness and the absorption coefficient of the TiOx monolayer 

can be estimated from the difference.  Figure 3–6 shows absorption spectra of PPV/TiOx LbL 

films with various numbers of bilayers (n = 2, 4, 6) on quartz substrates.  The absorption 

increased in proportion with the number of PPV/TiOx bilayers as shown by the solid line in 
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the inset).  From the slope of the solid line, the monolayer thickness of PPV in PPV/TiOx 

LbL films was estimated to be 0.9 ± 0.1 nm.  On the other hand, as shown by the broken line 

in the inset, the total thickness of PPV/TiOx LbL films also increased in proportion with the 

number of PPV/TiOx bilayers.  From the slope of the broken line, the bilayer thickness of 

PPV/TiOx LbL films was estimated to be 5.7 ± 0.1 nm.  Therefore, the monolayer thickness 

of TiOx in PPV/TiOx LbL films was estimated to be 4.8 ± 0.2 nm and the absorption 

coefficient of the TiOx layer was evaluated to be 300,000 cm−1 at 250 nm.  On the basis of 

the absorption coefficient, the monolayer thickness of PDDA/TiOx LbL films was estimated to 

be 2.2 nm for PDDA and 4 nm for TiOx.  Interestingly, the monolayer thickness of TiOx is 4–

5 nm independently of counter polycations, which is consistent with the particle size of TALH 

in water.  Thus, this finding also indicates that TALH nanoparticles are stably dispersed in 

water and quantitatively adsorbed on a substrate during the LbL deposition. 
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Figure 3–6.  Absorption spectra of PPV/TiOx LbL films (2, 4, 6 bilayers).  The inset shows 

the absorbance at 400 nm (circles, solid line) and the thickness (triangles, broken line) plotted 

against the number of bilayers. 
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3.3.3.  Conductive Properties of TiOx LbL Films 

 To discuss the conductive properties of PDDA/TiOx LbL films, the author measured 

the conductivity σ and the electron mobility µe.  For comparison, np-TiO2 films were 

prepared by sintering of TiO2 nanoparticles at 150 °C.  Figure 3–7 shows the conductivity σ 

of PDDA/TiOx LbL films annealed at different temperatures (open circles) and that of a np-

TiO2 film (closed circle).  The conductivity σ of PDDA/TiOx LbL films was almost constant 

in the range of 1–3 × 10−9 S cm−1 below 150 °C.  It increased steeply above 180 °C and 

reached 4 × 10−8 S cm−1 at 220 °C, which is rather comparable to that of the np-TiO2 film (2 × 

10−7 S cm−1).  These high conductivities σ of PDDA/TiOx LbL films are indicative of 

semiconductors although the insulating polymer PDDA is involved in the film.  This finding 

shows that there are conductive carriers and pathways in the LbL film due to percolating 

networks of TiOx in the direction normal to the substrate.  Higher conductivities σ of 

PDDA/TiOx LbL films annealed above 180 °C are probably attributed to degradation of 

insulating PDDA at higher temperatures.33   
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Figure 3–7.  Plots of the conductivity of PDDA/TiOx LbL films (open circles) and a np-TiO2 

film (closed circle) against annealing temperatures.  The thickness of PDDA/TiOx LbL film 

and the np-TiO2 film were 130 nm and 160 nm, respectively. 
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Figure 3–8.  Semi-logarithmic plots of the J–V characteristics of PDDA/TiOx LbL (circles) 

films and np-TiO2 film (squares) against V−VBI−VRS.  The solid lines represent fitting curves 

using the eq. 3–1 with the following parameters: PDDA/TiOx LbL films; film thickness d = 

180 nm, VBI = 0 V, rs = 10 Ω, µe = 7 × 10−5 cm2 V−1 s−1 and np-TiO2 film; d = 160 nm, VBI = 0 

V, rs = 10 Ω, µe = 2 × 10−4 cm2 V−1 s−1 at εr = 24. 
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 To prove the presence of the electron-transporting networks, the author evaluated the 

electron mobility µe of PDDA/TiOx LbL films.  Figure 3–8 shows semi-logarithmic plots of 

J–V characteristics of PDDA/TiOx LbL films (circles) and a np-TiO2 film (squares) against 

V−VBI−VRS.  The solid lines represent fitting curves for the J–V characteristics by using eq. 

3–1.  The dielectric constant εr of PDDA/TiOx LbL films was estimated to be 30 considering 

the volume fraction of TiOx in the LbL film (0.65).  The dielectric constant εr of the np-TiO2 

film was set to be 34 considering the volume fraction of TiO2 in the np-TiO2 film (0.74) 

estimated from the assumption of the closest packing.  As a result, the electron mobility µe of 

the PDDA/TiOx LbL film was evaluated to be 6 × 10−5 cm2 V−1 s−1, which is comparable to 2 

× 10−4 cm2 V−1 s−1 evaluated for the np-TiO2 film.  The high electron mobility shows that 

there are effective percolating networks of TiOx in the film.  This is mainly due to the high 

volume fraction of TiOx as mentioned above and also due to the interpenetrating 

characteristics of LbL films as reported previously.25  Table 3–1 summarizes σ and µe of the 

PDDA/TiOx LbL films and the np-TiO2 film.  The author therefore concludes that the 

PDDA/TiOx LbL films converted from TALH can serve as an efficient electron-transporting 

material.   

 

Table 3–1.  The conductivity σ and the electron mobility µe of TiOx-based LbL films and a 

np-TiO2 film.   

Structures 
Annealing 

temperature / °C 
σ / S cm−1 

µe / cm2 V−1 s−1 

TiOx LbL 95 2.6 ± 0.3 × 10−9 6 × 10−5 

np-TiO2 150 2.1 ± 0.2 × 10−7 2 × 10−4 
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3.3.4.  Photovoltaic Performance 

 Finally, the author demonstrates the application of TiOx LbL films to photovoltaic 

cells.  Figure 3–9 shows J–V characteristics of photovoltaic cells of ITO|(PDDA/TiOx)6| 

(PPV/PSS)5/PPV|PEDOT:PSS|Au (TiOx LbL-based cells, solid line) and of ITO|d-

TiO2|(PPV/PSS)5/PPV|PEDOT:PSS|Au (d-TiO2-based cells, broken line) under AM1.5G-

simulated solar illumination at 100 mW cm−2.  Device performance of TiOx LbL-based cells 

was as follows: the short-circuit current density JSC = 0.14 mA cm−2, the open-circuit voltage 

VOC = 0.77 V, the fill factor FF = 0.27, and the power conversion efficiency PCE = 0.03 %.  

On the other hand, device performance of d-TiO2-based cells was as follows: JSC = 0.08 mA 

cm−2, VOC = 0.60 V, FF = 0.17, and PCE = 0.01%.  In other words, TiOx LbL-based cells 

exhibited higher performance in all device parameters than those of d-TiO2-based cells.  

Figure 3–10 shows external quantum efficiency (EQE) of the two photovoltaic cells.  Both 

cells should have the same absorption efficiency because of the same thickness of PPV LbL 

film.  Thus, the larger EQE of TiOx LbL-based cells suggests that the interfacial area would 

be larger in TiOx LbL-based cells than in d-TiO2-based cells.  As shown in Figure 3–5, the 

PDDA/TiOx LbL film was pin-hole free but had a surface roughness of <10 nm.  This is 

probably due to TiOx nanoparticles being as small as 6 nm.  Considering the particle size of 

TiOx, the surface area of TiOx LbL films is roughly estimated to be 1.5 times compared to that 

of d-TiO2 films.  The author therefore attributes the increase in JSC to the larger interface area 

in TiOx LbL films.  The interpenetration between TiOx and PPV layers at the interface also 

contributes to the increase in JSC.  Thus, the author concludes that the TiOx LbL film can be 

employed as an effective electron-transporting layer and an acceptor layer in photovoltaic 

cells.   
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Figure 3–9.  J–V characteristics of photovoltaic cells with layered structures of 

ITO|(PDDA/TALH)6 (40 nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (solid line) 

and ITO|d-TiO2 (60 nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (broken line).   

 

400 500 600 700
0

1

2

Wavelength / nm

E
Q

E
 /

 %

A
bs

op
ti

on
 (

a.
u.

)

 

 

Figure 3–10.  EQE spectra of photovoltaic cells of ITO|(PDDA/TALH)6 (40 

nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (open circles) and ITO|d-TiO2 (60 

nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (closed circles).  The solid line 

depicts the absorption spectrum of a PPV LbL film annealed at 100 °C 2 h.   
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3.4.  Conclusions 

 The author fabricated titania-based ultrathin films by the LbL assembly of TALH and 

PDDA or PPV where TALH was completely converted into TiOx in the LbL films by thermal 

annealing at 95 °C for 24 h.  The thickness of ultrathin films was successfully controlled by 

the LbL deposition on a scale of nanometers.  From the absorption and AFM measurements, 

the monolayer thickness of each layer was estimated to be 2.2 nm for PDDA and 4 nm for 

TiOx in PDDA/TiOx LbL films and 0.9 nm for PPV and 4.8 nm for TiOx in PPV/TiOx LbL 

films.  Consequently, the volume fraction was as high as ~65% for PDDA/TiOx LbL films 

and ~85% for PPV/TiOx LbL films.  The monolayer thickness of TiOx (4–5 nm) is consistent 

with the particle size (~6 nm) of TALH in water evaluated by the dynamic light scattering 

measurement.  The author therefore concludes that TALH is stably dispersed in water as 

monodisperse nanoparticles with a diameter of ~6 nm and quantitatively adsorbed on a 

substrate during the LbL deposition.  The conductivity σ of PDDA/TiOx LbL films was 1–3 

× 10−9 S cm−1 at annealing temperatures below 150 °C, increased steeply above 180 °C, and 

then reached 4 × 10−8 S cm−1 at 220 °C, which is indicative of semiconductors.  The electron 

mobility µe of PDDA/TiOx LbL film was evaluated to be 6 × 10−5 cm2 V−1 s−1, which is 

comparable to that of a np-TiO2 film.  The author therefore concludes that there exist 

effective percolating networks of TiOx in the direction normal to the substrate in the LbL films.  

This is mainly due to the high volume fraction of TiOx in the film.  Furthermore, the author 

demonstrated planar heterojunction photovoltaic cells with PPV-based LbL films as an 

electron-donating layer and TiOx-based LbL films as an electron-accepting layer.  The 

photovoltaic cells exhibited a higher device performance than the reference cells with a d-

TiO2 layer because of the larger interface area due to TiOx nanoparticles.  The author thus 
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concludes that the TiOx-base LbL films reported in this chapter can serve not only as an 

electron-transporting but also as an electron-accepting material. 
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Chapter 4 

 

Exciton Generation and Diffusion in Multilayered Organic Solar Cells 

Designed by Layer-by-Layer Assembly of Poly(p-phenylenevinylene) 

 

 

4.1.  Introduction 

 Bulk heterojunction polymer-based solar cells and planar heterojunction small 

molecule-based solar cells are representatives of organic thin-film solar cells.1  The power 

conversion efficiency has been reported to be around 5–8%.2–5  The former solar cells are 

typically fabricated by solution processes such as spincoating of a blend solution of a 

conjugated polymer and a fullerene derivative,6 and therefore have attracted much attention 

because of the suitability for high-throughput production based on the printing and coating 

techniques.7  On the other hand, the latter solar cells are typically fabricated by vacuum 

deposition of small molecules such as copper phthalocyanine and fullerene.4,5,8  One of the 

most remarkable advantages for such devices is that layered structures are precisely designed 

and controlled on a scale of subnanometers by the vacuum deposition technique.9  Such a 

precisely controlled device structure is beneficial not only for developing high-performance 

solar cells4 but also for understanding a series of fundamental processes such as exciton 

generation, exciton diffusion, charge generation, and charge collection at the electrodes.8,10  

The photon absorption efficiency in well-ordered multilayered devices can be estimated by 

optical simulations considering optical interference effects.8  The efficiency of exciton 

diffusion to a donor/acceptor interface can be evaluated from photoluminescence (PL) 
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quenching experiments using the one-dimensional diffusion model.8,11,12  A series of device 

analyses have been reported for small molecule thin-film solar cells fabricated by the vacuum 

deposition,8 and provide a clear guideline for designing more efficient solar cells.   

 To integrate both advantages of the solution processing and the vacuum deposition 

technique, the author has developed multilayered organic thin-film solar cells fabricated by a 

combination of the spincoating and layer-by-layer (LbL) deposition techniques.  This 

technique, which has been developed by Decher et al.,13 is a simple and versatile method for 

fabricating ultrathin films,14 and is therefore applied to various ultrathin-film-coated 

materials15 such as core-shell nanoparticles,16 two- or three-dimensional patterned structures17 

with a precisely controlled thickness on a scale of nanometers.  Ultrathin films of poly(p-

phenylenevinylene) (PPV) have been fabricated by the LbL deposition technique using a 

precursor of PPV18 and then applied to organic thin-film solar cells.19  The author has 

previously designed the configuration of the light-harvesting layer in multilayered organic 

thin-film solar cells.11,20–23  As a result of such structural optimization, the best-performance 

device was obtained with a power conversion efficiency of 0.26% under AM1.5G solar 

simulated illumination.  This efficiency is significantly higher than that reported for LbL-

based organic solar cells.24–26  In this chapter, the author discusses the relationship between 

the device efficiency and the device structure of LbL-based multilayered solar cells.  The 

exciton generation in the LbL layer is estimated by the optical simulation.  The exciton 

diffusion into a donor/acceptor interface is evaluated from the PL quenching experiments 

using the one-dimensional diffusion model.  The author demonstrates that the device 

performance can be quantitatively analyzed on the basis of a layered structure.   
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4.2.  Experimental Section 

4.2.1.  Materials   

 Poly(p-xylene tetrahydrothiophenium chloride) (pre-PPV: Aldrich, 0.25 wt% 

aqueous solution) was diluted to 1 mM with ultrapure water.  The solution was adjusted to 

pH 8–9 with NaOH aqueous solution.  The 1 mM pre-PPV aqueous solution was used as a 

cationic polyelectrolyte solution for the LbL deposition.  Poly(sodium 4-styrenesulfonate) 

(PSS: Aldrich, Mw = 70,000 g mol−1) was dissolved in ultrapure water to give 10 mM PSS 

aqueous solution, which was used as an anionic polyelectrolyte solution for the LbL 

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

Aldrich, 1.3 wt% dispersion in water, conductive grade) was mixed with ethylene glycol (EG: 

Aldrich, anhydrous, 99.8%) (PEDOT:PSS/EG = 100/20 by weight).  The mixed solution of 

PEDOT:PSS with EG was used for fabrication of a hole-transporting layer by spincoating.  

Polystyrene (PS: Alrdich, Mw = 280,000 g mol−1) was purified by reprecipitation from a 

toluene solution into methanol three times.  To 2 mL of o-dichlorobenzene (Aldrich) was 

added 12 mg of PS and 48 mg of C60 (Frontier Carbon Co. Ltd.).  The blend solution of PS 

and C60 was used for fabrication of an electron-transporting layer by spincoating.  Figure 4–1 

shows the chemical structures of materials used in this chapter. 
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Figure 4–1.  Chemical structures of materials used in this chapter. 

 

4.2.2.  Device Fabrication   

 Indium-tin-oxide (ITO) coated glass substrates (10 Ω per square) were washed by 

ultrasonication in toluene, acetone, and ethanol for 15 min, respectively, and then dried with a 

N2 flow.  These pre-washed substrates were further treated with a UV–O3 cleaner for 1 h.  

First, a hole-transporting layer of PEDOT:PSS was prepared by spincoating from the aqueous 

solution of PEDOT:PSS mixed with EG, and was thermally annealed at 70 °C for 14 h in air 
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and at 140 °C for 1 h under vacuum to give an insoluble film as reported previously.21  The 

thickness of the PEDOT:PSS layer was ~80 nm.  Second, a light-harvesting layer was 

prepared by the LbL deposition of pre-PPV and PSS.  The PEDOT:PSS-coated substrate was 

immersed in the 1 mM pre-PPV aqueous solution for 5 min, rinsed in ultrapure water for 3 

min, immersed in the 10 mM PSS aqueous solution for 5 min, and rinsed in ultrapure water 

for 3 min.  This cycle gives one bilayer of pre-PPV and PSS, which is abbreviated as (pre-

PPV/PSS)1.  Each LbL film was completely dried under a flow of air for 4–6 min after the 

immersion.  Third, an electron-transporting layer was prepared on (n + 0.5) bilayers of pre-

PPV/PSS, which is abbreviated as (pre-PPV/PSS)n/pre-PPV, by spincoating from the o-

chlorobenzene solution of C60 and PS.  Subsequently, the (pre-PPV/PSS)n/pre-PPV LbL 

layer was thermally converted to the (PPV/PSS)n/PPV LbL layer by annealing at 100 °C for 2 

h under vacuum.  Finally, Al was thermally deposited as a counter electrode at 2.5 × 10−6 

Torr on top of the triple-layered film through a metal mask to give an active area of 6 mm2 (2 

× 3 mm2).  The triple-layered device consists of a hole-transporting layer of the PEDOT:PSS 

film, a light-harvesting layer of the PPV/PSS LbL film, and an electron-transporting layer of 

the C60:PS film.  The device structure is abbreviated as ITO|PEDOT:PSS|(PPV/PSS)n/PPV| 

C60:PS|Al.  The thickness of the (PPV/PSS)n/PPV light-harvesting layer was varied between 

3 nm and 19 nm depending on the number of the deposition cycles n.  The detailed structural 

analysis of the device has been described in Ref 21.  The thickness of the C60:PS electron-

transporting layer was varied between 20 nm and 50 nm by adjusting the spin rate.   

4.2.3.  Sample Preparation for the Quenching Experiment   

 Quartz substrates were washed by ultrasonication in toluene, acetone, and ethanol for 

15 min, respectively, and then dried with a N2 flow.  These pre-washed substrates were 

further treated with a UV–O3 cleaner for 1 h.  An emission layer of (pre-PPV/PSS)n/pre-PPV 
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was prepared on a quartz substrate by the same fabrication procedures described above.  

Before the thermal conversion of pre-PPV into PPV, a quenching layer was prepared on the 

(pre-PPV/PSS)n/pre-PPV layer mentioned above by spincoating from the o-chlorobenzene 

solution of C60 and PS.  As a control, a PS layer was prepared on the (pre-PPV/PSS)n/pre-

PPV layer by spincoating from the o-chlorobenzene solution of PS.  Finally, the (pre-

PPV/PSS)n/pre-PPV LbL layer was thermally converted to the (PPV/PSS)n/PPV LbL layer by 

annealing at 100 °C for 2 h under vacuum.  The schematic layered structures of the PPV/PSS 

LbL films are shown in Figure 4–2 and the detailed characterization of the layered structures 

including each layer thickness is described in the appendix section.   
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Figure 4–2.  Schematic layered structures of the double-layered films employed for the 

quenching measurements. a) (PPV/PSS)n/PPV|C60:PS, b) (PPV/PSS)n/PPV|PS.  The 

monolayer thickness in (PPV/PSS) n/PPV was 0.9 nm for PPV and 1.0 nm for PSS. 
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4.2.4.  Measurements   

 The current density–voltage (J–V) characteristics of the triple-layered devices of 

ITO|PEDOT:PSS|(PPV/PSS)n/PPV|C60:PS|Al were measured with a DC voltage current 

source/monitor (Advantest, R6243) in the dark and under AM1.5G-simulated solar 

illumination at 100 mW cm−2.  The external quantum efficiency (EQE) was measured with a 

digital electrometer (Advantest, R8252) under monochromatic light illumination at 420 nm 

from a 500-W Xe lamp (Thermo Oriel, Model 66921) with optical cut-filters and a 

monochromator (Thermo Oriel, UV–visible Conerstone).  Fluorescence spectra of the 

double-layered films of (PPV/PSS)n/PPV|C60:PS and (PPV/PSS)n/PPV|PS on quartz substrates 

were measured with a fluorescence spectrometer (Hitachi, F-4500).  The excitation 

wavelength was 420 nm.  The fluorescence decay of the double-layered films was measured 

by the time-correlated single-photon-counting method as described elsewhere.27,28  The 

excitation wavelength was 440 nm.  All these measurements were performed in air at room 

temperature.   

4.2.5.  Optical Simulation 

 The photon absorption efficiency of the PPV/PSS LbL layer is evaluated by the 

transfer matrix method.8,29  For simplicity, the author assumes that each layer j (j = 1, 2, ..., 

m) consists of homogenous and isotropic materials with a thickness Lj and a complex 

refractive index nj = nj + ikj.  Furthermore, the interfaces are assumed to be optically flat 

even in the PPV/PSS LbL layer although there is a little interpenetration between neighboring 

LbL layers.  The optical electric field amplitude Ej(x) is calculated as a function of position 

in the multilayer structure in the thin film where x is the position in layer j; 0 ≤ x ≤ Lj.  The 

detailed calculation of Ej(x) are described in the appendix section.  Here, |Ej(x)|2 is 
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normalized by |E0|
2 where E0 is the optical electric field amplitude of the incident plane wave.  

The time average of the energy dissipated per second at position x in layer j Qj(x) is then  

2

0 )(
2

1
)( xncxQ jjjj Eαε=                     (4–1)   

where c is the speed of light, ε0 is the permittivity of free space, and αj is the absorption 

coefficient of layer j.  The exciton generation rate at position x in layer j is therefore given by 

Gj(x) = (λ/hc) Qj(x) where λ is the wavelength of the incident light, h is the Planck’s constant.  

Consequently, the absorption efficiency of the PPV/PSS LbL layer is given by  

∑ ∫=
LbL

0

LbL
A d)(

j

L

j

j

xxGη                      (4–2)   

In the same way, the absorption efficiency of the C60:PS layer ηA
C60 is also evaluated.  Table 

4–1 summarizes the optical parameters30–35 and thickness for each component employed for 

the calculation by the transfer matrix.   

 

Table 4–1.  Optical parameters and thickness of each component at 420 nm employed for the 

calculation by the transfer matrix. 

Component n k
 Thickness / nm Reference 

glass 1.53 0 1.0 × 106 (30) 

ITO 1.94 0.01 200 (31) 

PEDOT:PSS 1.42 0.02 80 (31) 

PPV 2.10 1.10 

3–19 
(32) 

PSS 1.51 0 (33) 

C60:PS 2.05 0.20 20–50 (34) 

Al 0.59 4.30 50 (35) 

 
 



80 

4.3.  Results 

4.3.1.  Photocurrent Generation   

 To examine the relationship between the photocurrent generation and the device 

structure, the author fabricated various triple-layered polymer solar cells of 

ITO|PEDOT:PSS|(PPV/PSS)n/PPV|C60:PS|Al with different layer thicknesses.  The thickness 

of the PPV/PSS LbL layer was varied between 3 nm and 19 nm and the thickness of C60:PS 

layer was varied between 20 nm and 50 nm.  Figure 4–3a shows the dependence of short-

circuit current density JSC and EQE of the solar cell on the thickness of the PPV/PSS LbL film.  

Note that the thickness of the C60:PS layer was fixed at 30 nm.  With increasing thickness of 

the PPV/PSS LbL film, as shown by the open circles in the figure, JSC increased steeply by a 

factor of two from 3 to 7 nm, reached the maximum at around 7 nm, and then gradually 

decreased above it.  As shown in the figure, EQE at 420 nm also showed the same tendency 

as JSC.  This trend is consistent with the previous report.21  The increase in JSC below 7 nm 

is simply ascribed to the increase in the light-harvesting PPV/PSS LbL layer, which increases 

the photon absorption efficiency ηA leading to the exciton generation.  To explain the 

gradual decrease in JSC above 7 nm, however, the author should consider other limiting factors 

such as the efficiency of exciton diffusion to a donor/acceptor interface ηED as discuss later.  

On the other hand, Figure 4–3b shows the dependence of JSC of the solar cell on the thickness 

of the C60:PS film.  Note that the thickness of the PPV/PSS LbL layer was fixed at 7 nm.  

As shown by the open circles in the figure, JSC increased with the increase in the thickness of 

the C60:PS film, decreased above 30 nm, and reduced by half at 50 nm even though the 

thickness of the light-harvesting PPV/PSS LbL layer was kept constant.  Thus, as described 

below, the optical interference effect should be taken into account in the photon absorption 

efficiency ηA in the device with reflective metal mirror as an electrode.  
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Figure 4–3.  a) Dependence of JSC (open circles) and EQE at 420 nm (closed circles) on the 

thickness of the (PPV/PSS)n/PPV layer measured for triple-layered devices of 

ITO|PEDOT:PSS|(PPV/PSS)n/PPV(3–19 nm)|C60:PS(30 nm)|Al, under AM1.5G solar 

simulated illumination at 100 mW cm−1.  b) Dependence of JSC on the thickness of the 

C60:PS layer measured for triple-layered devices of ITO|PEDOT:PSS|(PPV/PSS)n/PPV(7 

nm)|C60:PS(20–50 nm)|Al, under AM1.5G solar simulated illumination at 100 mW cm−1.  

The experimental error in EQE was as small as 5 % and the error bars were within the closed 

circles. 

 

4.3.2.  Optical Simulation 

 To evaluate the photon absorption efficiency ηA, the author calculates the internal 

optical electric field E(x) and the exciton generation rate G(x) as a function of the position x in 

the multilayered organic solar cells by the transfer matrix method.  Figure 4–4a shows the 

optical intensity |E(x)|2 in multilayered organic solar cells with the PPV/PSS LbL layer 

differing in thickness: the device structure is ITO(200 nm)|PEDOT:PSS(80 

nm)|(PPV/PSS)n/PPV(3–19 nm)|C60:PS(30 nm)|Al.  As the thickness of the PPV/PSS LbL 

layer increases, the peak value of |E(x)|2 decreases monotonically but the peak position is 
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almost unchanged.  The decrease in |E(x)|2 is mainly due to the absorption of the PPV/PSS 

LbL layer although there should be optical interference effects as is discussed later.  As a 

result, as shown in Figure 4–4b, G(x) in the PPV/PSS LbL layer also decreases monotonically 

with the increase in the thickness of the PPV/PSS LbL layer.  Note that the values of G(x) are 

much larger than that in the C60:PS layer, suggesting that the PPV/PSS LbL layer has a crucial 

role in the light harvesting of the device.   
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Figure 4–4.  a) Calculated distribution of the optical intensity |E(x)|2, which is normalized by 

the optical intensity of the incident plane wave.  b) Calculated distribution of the exciton 

generation rate G(x).  The device structure employed for the calculation is ITO(200 

nm)|PEDOT:PSS(80 nm)|(PPV/PSS)n/PPV(3–19 nm)|C60:PS(30 nm)|Al. 
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Figure 4–5.  a) Calculated distribution of the optical intensity |E(x)|2, which is normalized by 

the optical intensity of the incident plane wave.  b) Calculated distribution of the exciton 

generation rate G(x).  The device structure employed for the calculation is ITO(200 

nm)|PEDOT:PSS(80 nm)|(PPV/PSS)n/PPV(7 nm)|C60:PS(20–50 nm)|Al. 

 

 Figure 4–5a shows the optical intensity |E(x)|2 in multilayered organic solar cells with 

a C60:PS layer differing in thickness: the device structure is ITO(200 nm)|PEDOT:PSS(80 

nm)|(PPV/PSS)n/PPV(7 nm)|C60:PS(20–50 nm)|Al.  As is the case with the PPV/PSS LbL 

layer, the peak value of |E(x)|2 in the PPV/PSS LbL layer decreases monotonically with the 

increase in the thickness of the C60:PS layer.  This decrease in |E(x)|2 is mainly due to the 

absorption of the C60:PS layer.  In contrast to Figure 4–4a, the peak position is significantly 

shifted from the PEDOT:PSS layer through the PPV/PSS LbL layer to the C60:PS layer, 

suggesting that the C60:PS layer serves as an optical spacer as is discussed later.  As a result, 

as shown in Figure 4–5b, the dependence of G(x) on the thickness of the C60:PS layer is a bit 

more complex.  The average values of G(x) in the PPV/PSS LbL layer increase slightly from 
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20 to 30 nm and then decrease above 30 nm with the increase in the thickness of the C60:PS 

LbL layer.   

 On the basis of these calculations, the author evaluates the photon absorption 

efficiency in the PPV/PSS LbL layer ηA
LbL at 420 nm.  As the thickness of the PPV/PSS LbL 

layer increases, as shown by the open squares in Figure 4–6a, ηA
LbL monotonically increases 

up to around 20 nm and then is almost saturated above 20 nm.  The open circles represent the 

absorption of the PPV/PSS LbL layer simply calculated from the absorbance of the film.  

The closed circles represent the absorption of the PPV/PSS LbL layer calculated from twice 

the absorbance of the film considering the reflection at the Al electrode.  Note that the 

absorption of other layers such as ITO, PEDOT:PSS, and C60:PS layers is also taken into 

account in the calculation.  In other words, this is the maximum absorption without 

consideration of optical interference effects.  Thus, the difference between the open squares 

ηA
LbL and the closed circles clearly demonstrates that the optical interference effects have a 

great impact on the photon absorption efficiency in multilayered devices.  The author notes 

that the thickness dependence of ηA
LbL is not consistent with that of JSC shown in Figure 4–3a.  

This disagreement suggests that there are other limiting factors for the charge generation as is 

discussed later.  As the thickness of the C60:PS LbL layer increases, on the other hand, ηA
LbL 

slightly increases from 20 to 30 nm and then decreases above 30 nm while ηA
C60 increases 

monotonically as shown in Figure 4–6b.  The thickness dependence of JSC shown in Figure 

4–3b is in good agreement with that of ηA
LbL rather than ηA

C60, suggesting that the 

contribution of the C60:PS layer to the photocurrent generation is negligibly minor and the 

PPV/PSS LbL layer has a major role in the light harvesting.  Therefore, the author focuses 
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the attention on the charge generation from excitons generated in the PPV/PSS LbL layer in 

this chapter. 
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Figure 4–6.  Photon absorption efficiency ηA
LbL in the PPV/PSS LbL layer at 420 nm (open 

squares) plotted against the thickness of a) the PPV/PSS LbL layer and b) the C60:PS layer.  

The device structures are as follows: a) ITO(200 nm)|PEDOT:PSS(80 

nm)|(PPV/PSS)n/PPV(0–39 nm)|C60:PS(30 nm)|Al and b) ITO(200 nm)|PEDOT:PSS(80 

nm)|(PPV/PSS)n/PPV(7 nm)|C60:PS(10–60 nm)|Al.  The open circles represent the 

absorption of the PPV/PSS LbL layer calculated from the absorbance of the film.  The closed 

circles represent the absorption of the PPV/PSS LbL layer calculated from twice the 

absorbance of the film considering the reflection at the Al electrode.  The closed squares 

represent the photon absorption efficiency ηA
C60 in the C60:PS layer at 420 nm.  Note that the 

absorption of other layers such as ITO, PEDOT:PSS, and C60:PS layers is also taken into 

account in the calculation. 
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4.3.3.  Exciton Quenching 

 As mentioned before, the author cannot explain the dependence of JSC on the 

thickness of the PPV/PSS LbL layer in terms of the photon absorption efficiency of the LbL 

layer ηA
LbL alone.  This is partly because some excitons generated in the LbL layer cannot 

reach a donor/acceptor interface.  Here, the author therefore evaluates the exciton diffusion 

efficiency ηED, which is the probability that the photogenerated exciton diffuses to a 

donor/acceptor interface before deactivating to the ground state, from exciton quenching 

experiments.  First the author measured the PL spectra of double-layered films with different 

layered structures as shown in Figures 4–2a and 4–2b to evaluate the quenching efficiency 

qualitatively: (PPV/PSS)n/PPV|C60:PS films and (PPV/PSS)n/PPV|PS reference films.  The 

PL intensity is normalized by that of the reference film with the same PPV/PSS LbL film in 

thickness.  The quenching efficiency Φq is estimated by 1 – I/I0 where I is the PL intensity of 

(PPV/PSS)n/PPV|C60:PS films and I0 is that of the reference films.  For the thinnest 

PPV/PSS LbL layer, Φq was as high as 0.95 suggesting that almost all excitons are efficiently 

quenched at the quenching wall of the C60:PS film.  The quenching mechanism will be 

discussed later.  As the thickness of the PPV/PSS LbL layer increased from 3 to 12 nm, the 

PL intensity increased as shown in Figure 4–7 and hence Φq decreased, suggesting that the 

exciton quenching occurs only at a donor/acceptor interface and therefore some excitons 

cannot reach the interface as the thickness of the PPV/PSS LbL layer increases.  Thus, the 

author can discuss the exciton diffusion by analyzing the dependence of Φq on the thickness 

of the PPV/PSS LbL layer as describe below. 
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Figure 4–7.  PL spectra of double-layered films with a layered structures of 

(PPV/PSS)n/PPV (3–12 nm)|C60:PS (solid lines) and the reference film with a layered 

structure of (PPV/PSS)7/PPV (14 nm)|PS (thick solid line), as shown in Figures 4–2a and 4–

2b, respectively.  The excitation wavelength was 420 nm.  Each PL intensity of 

(PPV/PSS)n/PPV|C60:PS was normalized by that of the reference film with the same thickness 

of PPV/PSS LbL film.   

 

 To discuss the quenching efficiency quantitatively, the author next measured the 

exciton lifetime by the time-correlated single-photon-counting method.  This approach is 

more reliable than the PL intensity measurement because it is less sensitive to slight variations 

in the experimental conditions.36  Figure 4–8 shows the PL decay of double-layered films 

with different layered structures.  The solid lines represent the PL decay of double-layered 

films with a layered structure of (PPV/PSS)n/PPV(3–12 nm)|C60:PS.  The thick solid line 

represents the PL decay of a double-layered reference film with a layered structure of 

(PPV/PSS)n/PPV(14 nm)|PS.  The PL decays are well fitted by eq. 4–3, 
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where I(t) and I(0) are the PL intensity at time t and 0, respectively, Ai is the fraction of i th 

component, and τi is the decay constant.  The average PL lifetime <τ> is calculated by eq. 4–

4.12 
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Figure 4–8.  Fluorescence decay curves of double-layered films with a layered structures of 

(PPV/PSS)n/PPV (3–12 nm)|C60:PS (solid lines) and the reference film with a layered 

structure of (PPV/PSS)7/PPV(14 nm)|PS (thick solid line), as shown in Figures 4–2a and 4–

2b, respectively.  The excitation wavelength was 440 nm.  The broken line represents the 

instrument response function (FWHW ~60 ps). 

 

 The exciton lifetime in the PPV/PSS reference film is evaluated to be <τ0> = 0.67 ± 

0.02 ns, which is slightly longer than previously reported values.37–39  On the other hand, the 

exciton lifetime in the PPV/PSS LbL films with the C60:PS quenching layer was dependent on 

the thickness of the PPV/PSS LbL layer; it increased from 0.40 ns at 5 nm to 0.63 ns at 12 nm 

with an experimental error of 2% at most.  This tendency is qualitatively consistent with the 



89 

PL quenching efficiency mentioned before.  Furthermore, the author can evaluate the 

quenching efficiency Φq by integrating eq. 4–3.  Table 4–2 summarizes the averaged exciton 

lifetime <τ>, other fitting parameters, and Φq.  On the basis of these quenching experimental 

results, the author will discuss later the diffusion constant of excitons in the PPV/PSS LbL 

layer.   

 

Table 4–2.  Fitting parameters in eq 4–3, <τ>, and Φq. 

L / nm A1 
a
 τ1 

a / ns A2 
a
 τ2 

a / ns A3 
a
 τ3 

a / ns <τ> / ns Φq
 c 

3 0.86 0.02 0.12 0.21 0.02 1.10 0.40 ± 0.01 0.83 

5 0.75 0.02 0.22 0.17 0.03 0.91 0.40 ± 0.01 0.78 

7 0.75 0.05 0.21 0.24 0.04 1.11 0.45 ± 0.01 0.66 

12 0.69 0.07 0.25 0.31 0.06 1.32 0.63 ± 0.01 0.46 

14b 0.84 0.23 0.16 1.16 — — 0.67 ± 0.02 — 
a The experimental error was within 2%. 

b Fitted with a sum of two exponential functions. 

c Evaluated by 1 – I/I0 where I and I0 are calculated by the integration of eq. 4–3 using fitting 

parameters. 
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4.4.  Discussion  

4.4.1.  Exciton Generation   

 The exciton generation is proportional to the optical intensity in the light-harvesting 

layer.  Thus, the author first considers how the optical intensity depends on the layered 

structure of the device.  As shown in Figures 4–4 and 4–5, the spatial distribution of the 

optical intensity |E(x)|2 in the multilayered device is significantly dependent on the thickness 

of the C60:PS layer rather than that of the PPV/PSS LbL layer.  This is partly due to the 

relatively large refractive index of the C60:PS layer, which extends the optical length 

effectively and hence shifts the peak position close to the electrode.  This effect has been 

reported as the optical spacer effect,40,41 which can enhance light absorption as a result of 

redistribution of the optical electric field for thin films but is less pronounced for thicker 

films.42  In the devices, the optical intensity |E(x)|2 in the LbL layer is maximized with ~30 

nm of the C60:PS layer as shown in Figure 4–5a.  Consequently, the photon absorption 

efficiency leading to the exciton generation in the LbL layer ηA
LbL is also maximized with ~30 

nm of the C60:PS layer as shown in Figure 4–6b.  This trend is consistent with the 

dependence of JSC on the thickness of the C60:PS layer.  If excitons generated in the C60:PS 

layer mainly contributed to the photocurrent generation, the dependence of JSC on the 

thickness of the C60:PS layer would follow that of ηA
C60 considering the C60 exciton diffusion 

length as long as 40 nm.8  As shown in Figures 4–3b and 4–6b, this is not the case.  Thus, 

the author concludes that excitons generated in the LbL layer mainly contribute to the 

photocurrent generation.  The negligibly minor contribution of C60 excitons to the 

photocurrent generation is partly due to their rapid intersystem crossing to triplet state as 

previously discussed.21  More importantly, it is noteworthy that the optical intensity in the 

light-harvesting layer can be maximized by optimization of the thickness of the C60:PS layer.  
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On the other hand, as mentioned before, the increase in the thickness of the PPV/PSS LbL 

layer does not affect the spatial distribution of the optical intensity |E(x)|2 but simply decreases 

the intensity mainly because of the absorption in the layer.  As a result, as shown in Figure 

4–6a, ηA
LbL increases monotonically with the increase in the thickness of the PPV/PSS LbL 

layer and then is gradually saturated above 20 nm.  Assuming that the reflection at the Al 

electrode is 100%, the optical length in the device would be twice and therefore the absorption 

could be estimated from twice the absorbance of the film.  As shown in Figure 4–6a, ηA
LbL is 

larger for thinner LbL films (<30 nm) than the absorption calculated from twice the 

absorbance of the film, but smaller for thicker LbL films (>30 nm).  These results show that 

the photon absorption efficiency is enhanced for thinner LbL films (<30 nm) but is rather 

suppressed for thicker LbL films (>30 nm) by the optical interference effect.  Consequently, 

no increase in ηA
LbL is expected above 20 nm even though the thickness of the LbL layer 

increases.  As shown in Figure 4–3a, such saturation is also seen in the dependence of JSC on 

the thickness of the LbL layer.  Nonetheless, the optimized thickness of the LbL layer is 

substantially different between ηA
LbL and JSC.  This discrepancy suggests that not all of 

excitons generated in the LbL layer can reach a donor/acceptor interface or contribute to the 

photocurrent generation.  Thus, the author will discuss the exciton diffusion efficiency ηED in 

the next section. 

4.4.2.  Exciton Diffusion   

 The author discusses the exciton diffusion in the PPV/PSS LbL film using the one-

dimensional diffusion model in the direction normal to the substrate.11  Figure 4–9 shows a 

schematic illustration of concentration profiles of the exciton in the PPV/PSS LbL film with a 

thickness of L where x axis is the direction normal to the substrate, the interface between the 
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inert substrate and the PPV/PSS LbL film is located at x = 0, and the quenching surface of the 

C60:PS film is located at x = L.   

 

 

 

Figure 4–9.  Schematic illustration of the time dependence of the concentration profiles 

C(x,t) of PPV excitons in the PPV/PSS LbL film with a thickness of L nm where x axis is the 

direction normal to the substrate, the interface between the inert substrate and the PPV/PSS 

LbL film is located at x = 0, and the quenching surface of the C60:PS film is located at x = L.   

 

In this model, the concentration of the exciton C(x,t) obeys the Fick’s law and can be 

expressed with a diffusion constant D by 

2

2 ),(),(

x

txC
D

t

txC

∂
∂

=
∂

∂
                     (4–5)   

As the initial condition, C(x,0) is assumed to be constant throughout the film.  This 

assumption is reasonable as shown in Figure 4–4a, because the film is thin enough to be 

excited homogeneously. 

0)0,( CxC =     (4–6)   

As boundary conditions, it is assumed that all excitons arriving at x = L are quenched by the 

C60:PS layer.  This is also reasonable because the quenching efficiency Φq is close to unity 

for the thinnest LbL layer as mentioned before.  Thus, one of the boundary conditions is 

given by 

0),( =tLC     (4–7)   
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It is also assumed that all excitons arriving at x = 0 are just reflected to the opposite direction.  

Thus, the other boundary condition is given by  

0
),(

0

=





∂

∂

=xx

txC
                        (4–8)   

With these boundary conditions eq. 4–5 can be analytically solved, and hence C(x,t) is given 

by  
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Consequently, the author can calculate the quenching efficiency Φq(L,D) as a function of L 

and D. 
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 Figure 4–10 shows the quenching efficiency Φq evaluated by the PL decay (open 

circles) and the quenching efficiency Φq(L,D) predicted by eq. 4–10 with several diffusion 

constants over three orders of magnitude (solid lines).  As shown in the figure, the 

experimental quenching efficiencies Φq are close to one of predicted lines Φq(L,D = 10−3 cm2 

s−1).  More precisely, they are well reproduced with an exciton diffusion constant of D = 8 × 

10−4 cm2 s−1.  Slight deviations seen for thinner PPV/PPS layers (L <5 nm) are probably due 

to a static quenching, which is likely to be missed in the time-correlated single-photon-

counting method.  Indeed, the predicted Φq(L,D) is consistent with the PL quenching 

efficiency Φq as high as 0.95 observed for the thinnest PPV/PSS LbL layer.  As mentioned 

before, the exciton lifetime is <τ0> = 0.67 ns.  Therefore, the exciton diffusion length is 

estimated to be (2D<τ0>)1/2 = 10 nm, which is slightly longer than previously reported values: 

The exciton diffusion length has been reported to be 5–8 nm for PPV and PPV 

derivatives.12,36,38,43,44  This is partly because the exciton lifetime in the PPV/PSS LbL film is 
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longer than that in other reports for PPV and PPV derivatives (0.2–0.5 ns).  The relatively 

longer exciton lifetime is consistent with the improved PL efficiency as reported previously.20  

The author ascribed the improvement to the decrease in trap-site concentration due to the low 

temperature conversion of PPV.  Therefore, the author concludes that the long exciton 

diffusion is characteristic of PPV/PPS LbL films converted at a low temperature, which is 

beneficial for polymer-based solar cells.21   
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Figure 4–10.  Dependence of Φq on the thickness of PPV/PSS LbL film.  The open circles 

represent Φq evaluated from the PL decays.  The solid lines represent Φq(L,D) with different 

diffusion constants of D = 10−2, 10−3, and 10−4 cm2 s−1.  The experimental error was as small 

as 2% and the error bars were within the circles. 
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4.4.3.  Photon Conversion Efficiency   

 Finally, the author discusses the photocurrent generation in terms of EQE, which can 

be defined by eq. 4–11 as the product of the efficiencies of four sequential steps: 1) the 

efficiency of photon absorption leading to the exciton generation ηA, 2) the efficiency of 

exciton diffusion to a donor/acceptor interface ηED, 3) the efficiency of exciton dissociation by 

charge transfer at a donor/acceptor interface ηCT, 4) the efficiency of charge collection of 

charge separated carriers to the electrodes ηCC. 

EQE = ηA × ηED × ηCT × ηCC                 (4–11)   

As described before, ηA was calculated by the transfer matrix method.  The author can 

evaluate ηED as Φq = ηED × ηq ~ ηED, because the quenching efficiency at the interface ηq is 

almost unity as mentioned before.  Thus, ηCT can be assumed to be unity if the quenching 

mechanism is due to the charge transfer at a donor/acceptor interface.  Another possible 

quenching mechanism is the energy transfer from PPV exciton to C60 as reported previously.21  

The author roughly estimates the energy transfer rate based on the Förster theory assuming 

point dipoles to be ~ 1012 s−1 for a PPV–C60 separation distance of 1 nm.  This is two orders 

of magnitude less than the charge transfer rate reported for PPV/PCBM blends.45  Thus, the 

author concludes that the quenching is mainly due to the charge transfer at the donor/acceptor 

interface.  Consequently, the author can set ηCT = 1 for the multilayered organic solar cells.  

Therefore, ηCC can be estimated by eq. 4–11 with ηA, ηED, ηCT, and the experimental EQE 

values as shown in Figure 4–3a.  Figure 4–11 summarizes the dependence of ηA, ηED, ηCC, 

and EQE on the thickness of the PPV/PSS LbL film.  As shown in the figure, ηCC is almost 

constant at around 0.5 above 7 nm in thickness.  This indicates that half of the charges 

generated at the donor/acceptor interface can be collected at the electrodes under the short-

circuit condition, which is consistent with previous report.21  Possible loss mechanisms for 
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ηCC are a rapid back recombination and an efficient bimolecular recombination in the film.  

On the basis of these efficiencies in each primary process, the author concludes that EQE of 

multilayered solar cells is optimized as a result of a balance between ηA and ηED, which can be 

tuned by the precise thickness control of the LbL layer on a scale of nanometers. 
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Figure 4–11.  Dependence of each efficiency on the thickness of the PPV/PSS LbL film: a) 

ηA is estimated by the transfer matrix method, b) ηED is evaluated from the PL quenching 

experiment, c) ηCC is estimated from ηA, ηED, and EQE, and d) EQE at 420 nm is the same 

experimental data as shown in Figure 4–3a.  The device structure is as follows: ITO(200 

nm)|PEDOT:PSS(80 nm)|(PPV/PSS)n/PPV(3–19 nm)|C60:PS(30 nm)|Al.  The experimental 

error of data points in each efficiency was as small as 5% and the error bars were within 

circles. 
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 As described above, the device performance can be quantitatively explained by 

efficiencies in fundamental processes evaluated on the basis of the layered structure of the 

device.  This is a great advantage for designing multilayered organic solar cells, as already 

reported for small molecule-based organic solar cells fabricated by dry processes such as 

vacuum deposition.  In this chapter, the author fabricated multilayered solar cells only by 

solution processes such as spincoating and LbL deposition techniques.  This suggests that 

even solution-processed multilayered solar cells can be designed with a layered structure 

precisely controlled on a scale of nanometers by the LbL deposition technique, therefore, upon 

which the device performance can be optimized, as is the case with dry-processed small 

molecule-based organic solar cells. 

 

4.5.  Conclusions 

 The author fabricated all solution-processed organic thin-film solar cells consisting 

of a hole-transporting PEDOT:PSS layer, a light-harvesting PPV/PSS LbL layer, and an 

electron-transporting C60:PS layer.  The thickness of the PPV/PSS LbL layer was precisely 

varied between 3 nm and 19 nm on a scale of nanometers by the LbL deposition technique.  

The thickness of the C60:PS layer was also varied between 20 nm and 50 nm by adjusting the 

spin rate.  First, the photon absorption efficiency leading to exciton generation ηA in the 

light-harvesting LbL layer was estimated for various device structures by the transfer matrix 

method.  The ηA value was more sensitively dependent on the thickness of the C60:PS layer 

than that of the PPV/PSS LbL layer.  Thus, the author concludes that the C60:PS layer serves 

as an effective optical spacer to enhance the optical intensity in the light-harvesting layer.  

Furthermore, ηA was enhanced for thinner LbL films (<30 nm) but rather suppressed for 

thicker LbL films (>30 nm) because of the optical interference effect.  Second, the efficiency 
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of exciton diffusion into a donor/acceptor interface ηED was evaluated from the PL quenching 

experiments.  The exciton lifetime was evaluated to be 0.67 ± 0.02 ns by the PL decay 

measurement, which is slightly longer than previously reported values.  Using the one-

dimensional diffusion model, the author estimated the exciton diffusion constant to be 8 × 

10−4 cm2 s−1, and the exciton diffusion length to be 10 nm, which is comparable to the 

optimized thickness of the PPV/PSS LbL layer.  Third, the efficiency of exciton dissociation 

by charge transfer at a donor/acceptor interface was assumed to be ηCT ~1 because the PL 

quenching was as high as 0.95 for the thinnest LbL film.  Finally, the efficiency of charge 

collection to the electrodes ηCC was estimated to be ~0.5 for the PPV/PSS LbL layer with a 

thickness of >7 nm from ηA, ηED, ηCT, ηCC, and experimentally obtained EQE values.  These 

results demonstrate that the device performance can be quantitatively explained in terms of 

the device structure.  Therefore, the author can rationally improve the device performance by 

optimizing the device structure on the basis of these device analyses, which is a great 

advantage of multilayered organic thin-film solar cells as reported for small molecule-based 

solar cells so far.   

 

4.6.  Appendix 

4.6.1.  Sample Preparation for the Structural Analysis 

 Quartz substrates were washed by ultrasonication in toluene, acetone, and ethanol for 

15 min, respectively, and then dried with a N2 flow.  These pre-washed substrates were 

further treated with a UV–O3 cleaner for 1 h.  A layer-by-layer (LbL) deposited film of pre-

PPV and PSS was prepared as follows.21  The substrate was immersed in the 1 mM pre-PPV 

aqueous solution for 5 min, rinsed in ultrapure water for 3 min, immersed in the 10 mM PSS 

aqueous solution for 5 min, and rinsed in ultrapure water for 3 min.  This cycle gives one 
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bilayer of pre-PPV and PSS, which is abbreviated as (pre-PPV/PSS)1.  Each LbL film was 

completely dried under a flow of air for 4–6 min after each immersion.  The (n + 0.5) 

bilayers of pre-PPV/PSS is abbreviated as (pre-PPV/PSS)n/pre-PPV.  Finally, the (pre-

PPV/PSS)n/pre-PPV LbL layer was thermally converted to the (PPV/PSS)n/PPV LbL layer by 

annealing at 100 °C for 2 h under vacuum.   

4.6.2.  Characterization of Layer-by-Layer Deposited Films 

 To examine the monolayer thickness of each layer in an LbL film, the author 

measured absorption spectra of the film with a spectrophotometer (Hitachi, U-3500) and line 

profiles of the LbL film partially scratched out with an atomic force microscope (AFM, 

Shimadzu, SPM-9500J).  Figure 4–A1 shows the absorption spectra of (pre-PPV/PSS)n (n = 

2, 4, 6, 8) layers on quartz substrates.  The broken lines and the solid lines denote the 

absorption spectra of LbL films before and after the thermal conversion of pre-PPV, 

respectively.  All of the PPV/PSS LbL films after annealing exhibited an absorption band at 

around 400 nm, which was attributed to π–π* transition of the main chain conjugation of 

PPV,20 indicating the thermal conversion of pre-PPV into PPV.  As shown in the inset of 

Figure 4–A1, the absorption at 400 nm increased in proportion to the number of PPV/PSS 

bilayers n.  From the slope, the monolayer thickness of the PPV layer in LbL films was 

evaluated to be 0.9 nm on the basis of the absorption coefficient of a PPV spincoated film: α = 

330,000 cm−1 at 400 nm.  Figure 4–A2 shows an AFM image of the PPV/PSS LbL film with 

8 bilayers.  The bright area on the left side is the surface of the LbL film and the dark area on 

the right side is the surface of the substrate.  The thickness of the film was evaluated to be 15 

nm from the difference in height between these two levels.  Figure 4–A3 shows plots of the 

thickness of PPV/PSS LbL films against the number of bilayers.  From the slope, the bilayer 

thickness of a PPV/PSS LbL bilayer was evaluated to be 1.9 nm.  Therefore, the monolayer 
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thickness of the PSS layer in the LbL films was calculated to be 1.0 nm.  Furthermore, this 

value was good agreement with the thickness calculated on the basis of the absorption 

coefficient of a PSS spincoated film: α = 170,000 cm−1 at 225 nm.  Consequently, the 

monolayer thickness was 0.9 nm for PPV and 1.0 nm for PSS.   
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Figure 4–A1.  Absorption spectra of (pre-PPV/PSS)n (n = 2, 4, 6, 8) layers on quartz 

substrates before (broken lines) and after (solid lines) the thermal annealing.  The inset 

shows plots of the absorbance of the film at 400 nm against the number of bilayers.   
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Figure 4–A2.  AFM image of a PPV/PSS LbL film with 8 bilayers on a quartz substrate.  

The right dark area of the film was the surface of quartz substrate where the LbL film was 

scratched out.   
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Figure 4–A3.  Plots of the thickness of PPV/PSS LbL films against the number of bilayers.   

 



102 

4.6.3.  Calculation of Optical Electric Field Amplitude 

 

 

 

Figure 4–A4.  Illustrations of optical simulation in multilayered devices: a) a general 

multilayered structure having m layers (including metal electrode), b) a layer j and the optical 

electric field amplitude for positive (Ej−1
+ and Ej+1

+) or negative direction (Ej−1
− and Ej+1

−) 

(which are related to each other by the layer matrix Lj and the interface matrices I(j−1)j and 

Ij(j+1)), c) The multiple reflection in the layer j between the partial systems, where tj
− and −

−jr  

denote the transmission and reflection coefficients of the partial system Sj
−, and rj

+ denotes the 

reflection coefficient of the partial system Sj
+.   

 

 Figure 4–A4a shows the geometry of the multilayer stack employed in the optical 

electric field calculation.  The optical electric field at any position can be resolved into two 

components, one of which is a component propagating in the positive x direction, and another 

of which is that in the negative x direction, which at a position x in layer j are denoted Ej
+(x) 
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and Ej
−(x), respectively.  A layer j (j = 1, 2, ..., m) has a thickness dj and a refractive index Nj 

= nj +i kj.  The interface matrix Ijk is given by 
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where rjk and tjk are Fresnel complex reflection and transmission coefficients, respectively.  

For normal incidence, the Fresnel complex reflection and transmission coefficients can be 

given in the simplified form  
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The propagation through a layer j causes absorption and a phase shift, as described by the 

layer matrix Lj 
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and ξjdj is the phase thickness corresponding to the phase change.  Note that the optical 

electric field for positive or negative direction in layer j as shown in Figure 4–A4b is given by 
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By using the matrices of eq. 4–A1 and 4–A4, the total system transfer matrix S can be written 

by 
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Note that S relates the electric field in the two outermost layers j = 0 and j = m +1, 
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When light is incident only from the substrate side in the positive x direction, there is no wave 

propagating in the negative x direction inside metal electrode side, which means that 

01 =
−
+mE .  The reflection and transmission coefficients of the total layered system can be 

expressed by the matrix elements of S, 
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To calculate the electric field in layer j, the layered system can be divided into two subsets, 

separated by layer j, which means that the total system transfer matrix can be written by 

+−= jjj SLSS                         (4–A11)   

where Sj
− and Sj

+ are the partial systems as follows: 
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Note that both partial system transfer matrices relate the electric field at the substrate side and 

the metal electrode side by 
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where Ej'
+ and Ej'

− refer to the left boundary (j−1)j of layer j, Ej''
+ and Ej''

− refer to the right 

boundary j(j+1) of layer j.  Also in terms of the partial systems, the reflection and 

transmission coefficients can be expressed by the matrix elements of Sj
− or Sj

+, 
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Furthermore, reflection coefficient from right side of the left partial system −
−jr  is expressed 

in a similar way, 
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As shown in Figure 4–A4c, the electric field propagating in positive x direction in layer j at 

the left interface (j−1)j, Ej
+ is derived using tj

−, rj
+, and −

−jr  as, 
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where Tj
+ is the ratio of Ej

+ to the incident plane wave.  Similarly, the electric field 

propagating in negative x direction in layer j at the left interface (j−1)j, Ej
− is derived as, 
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where Tj
− is the ratio of Ej

− to the incident plane wave.  The total electric field in an arbitrary 

position in layer j is given in terms of the incident wave by  
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for 0 ≤ x ≤ dj.  The time-averaged absorbed power of layer j, Qj(x), as a function of position 

x is given by  

2

0 )(
2

1
)( xncxQ jjjj Eαε=                   (4–A24)   

where ε0 is the permittivity of free space and αj is the absorption coefficient of layer j.  Note 

that αj is related to the extinction coefficient of layer j, kj, as follows: αj = 4πkj/λ.  The number 

of time-averaged absorbed photons is obtained to be the product of Qj(x) and λ/hc.  As a 

result, the efficiency of absorption of photons ηA is calculated by the ratio of the number of 

time-averaged absorbed photons to the number of the time-averaged incident photons.   
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Chapter 5 

 

Solution-Processed Multilayered Polymer Solar Cells  

Designed by Layer-by-Layer Assembly of Poly(p-phenylenevinylene)s  

with Dimethylsulfoxide 

 

 

5.1.  Introduction 

 Organic solar cells have been intensively studied because of their light-weight, 

flexibility, large-area and cost-effective production.1–3  In organic solar cells, a coulombically 

bound electron and hole pair (exciton) is generated first after the photon absorption and can 

dissociate into free charged carriers only at the interface of donor and acceptor materials.  

Furthermore, the hopping length of each carrier such as exciton, hole, and electron, which 

plays an important role in the photon-to-current energy conversion, is limited on a scale of 

nanometers.  Therefore, it is crucial to design the photon active layer with nanometer 

precision. 

 Ito and co-workers have designed and fabricated solution-processed multilayered 

polymer solar cells by combining the spincoating and layer-by-layer (LbL) deposition 

techniques.4–7  The LbL deposition technique is a simple and versatile method for fabricating 

multilayered ultrathin films with various functional materials.  Recently Ito and co-workers 

developed a triple-layered polymer solar cells with poly(p-phenylenevinylene) (PPV) 

conjugated polymer in the light-harvesting LbL layer whose thickness and interfacial 

nanostructures were carefully controlled with nanometer precision.  The solar cell exhibited 
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an internal quantum efficiency as high as 50%, which is indicative of efficient photon-to-

current conversion, and hence a power conversion efficiency of 0.26%.5  Ito and co-workers 

furthermore improved the LbL-based photovoltaic cell by introducing an anionic PPV 

derivative (MPS-PPV) instead of an inert anionic polymer and obtained a slightly higher 

power conversion efficiency (0.28%).6  On the other hand, the optical properties of MPS-

PPV have been reported to be improved by addition of surfactants,8 polyelectrolytes,9 

dendrimers,10,11 salts,12 and organic solvents such as dimethylsulfoxide (DMSO)12 to the 

original aqueous solution.  Herein, the author demonstrates that the light-harvesting 

efficiency of multilayered polymer solar cells with PPV/MPS-PPV LbL layers can be 

improved by using a water/DMSO mixed solution of MPS-PPV as an LbL deposition solution. 

 

5.2.  Experimental Section 

5.2.1.  Materials 

 Figure 5–1 shows the PPV derivatives used in this chapter.  For the fabrication of 

LbL films, cationic and anionic polyelectrolyte solutions were prepared as follows: a cationic 

PPV precursor, poly(p-xylene tetrahydro- thiophenium chloride) (pre-PPV, Aldrich, 0.25 

wt%), aqueous solution was diluted to 1 mM at pH 8–9 with water and an anionic PPV 

derivative, poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylenevinylene] (MPS-PPV, Aldrich, 

0.25 wt%), aqueous solution was diluted to give a 2 mM aqueous solution (pH 7) or a 2 mM 

water/DMSO (1 : 1 by volume) mixed solution (pH 9).  The MPS-PPV solution was 

ultrasonicated for 2 min and filtrated through a 0.45-µm membrane filter.  For the fabrication 

of spincoated films, an aqueous solution of poly(3,4-ethylenedioxythiophene) : poly(4-

styrenesulfonate) (PEDOT:PSS, Aldrich, 1.3 wt% dispersion in H2O, conductive grade) 

mixed with ethylene glycol and a blend solution of o-dichlorobenzene with C60 (Frontier 
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Carbon Co. Ltd.) and polystyrene (PS, Aldrich, MW = 280,000) (4 : 1 by weight) were used for 

a hole- transporting and an electron-transporting layer, respectively. 

 

n
 

n
 

O

S
O

O
O

O

K
+

S
+ n
 

Cl

anneal

(a) (b)

 

 

Figure 5–1.  Chemical structures of PPV derivatives employed in this chapter: (a) thermal 

conversion of pre-PPV to PPV, (b) MPS-PPV. 

 

5.2.2.  Device Fabrication 

 Indium-tin-oxide (ITO)-coated glass substrates (10 Ω per square) were cleaned by 

ultrasonication in toluene, acetone, and ethanol for 15 min, respectively, and followed by 

surface treatment with a UV–O3 cleaner for 60 min.  First, a hole-transporting layer was 

prepared on the pre-cleaned ITO substrate by spincoating from a PEDOT:PSS solution, 

followed by thermal annealing at 70 °C for 12 h to give an insoluble film as reported 

previously.7  Second, a light-harvesting layer was prepared by the LbL deposition of pre-PPV 

and MPS-PPV as follows.  The PEDOT:PSS-coated ITO substrates were immersed in pre-

PPV solution for 5 min, and rinsed with pure water for 3 min.  Subsequently, they were 

immersed in MPS-PPV solution for 5 min and rinsed with pure water for 3 min.  This cycle 

gives one-bilayer of pre-PPV/MPS-PPV LbL film.  The LbL films were completely dried 

under a flow of air for 4–6 min after each immersion.  Third, an electron- transporting layer 

was prepared on the LbL film by spincoating from an o-dichlorobenzene solution of C60 and 
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PS, followed by annealing at 100 °C for 2 h under vacuum to convert pre-PPV to PPV.  

Finally, Al was thermally deposited as a metal electrode on the top of the multilayered film 

through a metal mask to give an active area of 10 mm2 (2 mm × 5 mm).  The layered 

structure of the multilayered solar cell is as follows: ITO|PEDOT:PSS|(PPV/MPS-

PPV)n|C60:PS|Al. 

5.2.3.  Measurements 

 For the absorption and fluorescence measurements, LbL films were fabricated on 

quartz substrates.  The UV–visible absorption spectra and emission spectra of PPV solutions 

and LbL films were measured with a spectrophotometer (Hitachi, U-3500) and a fluorescence 

spectrometer (Hitachi, F-4500), respectively.  The thickness and the surface morphology of 

the films were measured by atomic force microscopy (AFM, Shimadzu, SPM-9500J) in the 

contact mode.  The J–V characteristics of the photovoltaic devices were measured with a DC 

voltage current source/monitor (Advantest, R6243).  The photocurrent was measured under 

simulated AM1.5G solar illumination at 100 mW cm−2.  The external quantum efficiency 

(EQE) spectra were measured with a digital electrometer (Advantest, R8252) under 

monochromatic light.  This monochromatic light was obtained by passing white light from a 

500-W Xe lamp (Thermo Oriel, Model 66921) through a monochromator (Thermo Oriel, 

UV–visible Conerstone) with optical cut-filters.  All these measurements were performed in 

air at room temperature. 

 

 

 

 

 



115 

5.3.  Results and Discussion 

 First, the author examined the optical properties of MPS-PPV in water and in a 

mixed solvent of water and DMSO.  Figure 5–2 shows molar absorption coefficient and 

emission spectra of MPS-PPV in water (broken line) and in the mixed solvent (solid line).  

The absorption spectra were similar although the molar absorption coefficient was slightly 

larger in the mixed solvent.  On the other hand, the emission intensity increased by a factor 

of six in the mixed solvent relative to that in water.  These results are consistent with a 

previous report.12  This is probably because DMSO is a better solvent for the polymer 

backbone and hence may reduce the interaction between the main chain.  Therefore, MPS-

PPV chains are likely to expand more in the mixed solvent.   

 

300 400 500 600 700
0

1

2

3

4

ε 
/ 

10
3  M

−1
 c

m
−1

Wavelength / nm

In
te

ns
it

y

 

 

Figure 5–2.  Molar absorption coefficient and emission spectra of MPS-PPV in water 

(broken lines) and in the mixed solvent of water and DMSO (solid lines). 
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Figure 5–3.  Absorption spectra of PPV/MPS-PPV LbL films before (broken lines) and after 

(solid lines) annealing.  The MPS-PPV layers were fabricated from a) the aqueous solution 

and b) the water/DMSO mixed solution.  The insets of each figure show the absorption at 

440 nm after annealing (open circles), at 500 nm before annealing (closed circles) of the 

PPV/MPS-PPV LbL films plotted against the number of bilayers. 

 

 Next, the author focuses his attention on optical properties of LbL films with MPS-

PPV.  Figure 5–3a shows absorption spectra of pre-PPV/MPS-PPV films fabricated with the 

aqueous solution of MPS-PPV before and after annealing.  Before the thermal annealing, the 

small absorption in the visible region was ascribed to MPS-PPV because pre-PPV has no 

absorption in that region.  After the thermal annealing, a large absorption band was observed 

at around 400–500 nm, which is ascribed to π–π* transitions of thermally converted PPV.  

As reported previously,6 the small absorption of MPS-PPV may be due to a broad distribution 

of effective conjugation lengths.  In contrast, as shown in Figure 5–3b, a distinct absorption 
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band was observed at around 500 nm even before the thermal annealing.  This band was 

safely ascribed to MPS-PPV because there was no absorption due to pre-PPV.  This is 

probably because MPS-PPV chains that are more expanded in the water/DMSO mixed 

solution are likely to be adsorbed on the film surface in more extended conformations at the 

LbL deposition, which result in a longer absorption band.  On the other hand, as shown in the 

insets of each figure, the absorbance at 440 and 500 nm increased proportional to the number 

of bilayers, indicating that the constant amount of pre-PPV and MPS-PPV is deposited at each 

LbL step.   

 To compare the film morphology, the author measured AFM images of the 

PPV/MPS-PPV LbL films.  For the reference LbL film with MPS-PPV fabricated from the 

aqueous solution, as shown in Figure 5–4a, the film surface was pinhole-free, uniform, and as 

smooth as the substrate surface, which is consistent with the previous report.6  On the other 

hand, as shown in Figure 5–4b, the LbL film with MPS-PPV fabricated from the water/DMSO 

mixed solution was pinhole-free but not uniform: there were a lot of small bumps on the 

surface.  A typical size of the bumps is ~10 nm in height and ~200 nm in diameter.  From 

these results, the increase in the surface area due to the bumps is roughly estimated to be less 

than 1%, and therefore negligible to the increase in the interface.  Such bumps may be 

formed during immersion in an aqueous solution of pre-PPV, because water is a poorer 

solvent for the polymer backbone and may induce partial shrinking of extended MPS-PPV 

chains on the film surface.  From the step as shown in the figure, each film thickness was 

measured and consequently the bilayer thickness was evaluated to be 3–4 nm for either LbL 

film. 
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Figure 5–4.  AFM images of PPV/MPS-PPV LbL films with a) 6 bilayers and b) 8 bilayers.  

The MPS-PPV layers were fabricated from a) the aqueous solution, b) the water/DMSO 

mixed solution.  The left side of each film was the surface of quartz substrate where the LbL 

film was scratched out.. 

 

 The author now moves onto the device performance of multilayered polymer solar 

cells with PPV/MPS-PPV LbL layers.  Figure 5–5 shows J–V characteristics of the LbL-

based solar cells with MPS-PPV fabricated from the water/DMSO mixed solution (solid line) 

and the reference cell from the aqueous solution (broken line).  The thickness of the light-

harvesting LbL layer was ~10 nm, which is optimized for the power conversion efficiencies.  

For LbL-based solar cells with MPS-PPV fabricated from the water/DMSO mixed solution, 

the short-circuit current density (JSC) was improved by >10% but the open-circuit voltage 

(VOC) and the fill factor decreased and consequently the resulting power conversion efficiency 

was comparable relative to the reference cell.  The decrease in VOC suggests that the shunt 
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resistance decreased because of the rougher surface of the PPV/MPS-PPV layer as shown in 

Figure 5–4b.  On the other hand, the increase in JSC suggests that the light-harvesting 

efficiency of PPV/MPS-PPV LbL layers is improved by the fabrication of the MPS-PPV layer 

from the water/DMSO mixed solution.  This improvement is so large (>10%) that it cannot 

be explained by the increase in the interface area due to the bumps on the surface (<1%) as 

mentioned before.  Therefore, it is rather ascribable to the absorption enhancement in the 

visible region at around 500 nm as shown in Figure 5–3.  To confirm this the author 

compared the EQE spectra of multilayered polymer solar cells with PPV/MPS-PPV LbL 

layers.  As shown in Figure 5–6, a slight difference in the normalized EQE spectra was 

observed at around 500 nm: it was slightly larger in the cell fabricated from the water/DMSO 

mixed solution than in the reference cell.  The slight increase in the absorption can account 

for an increase of ~10% in JSC.  The inset of the figure shows the spectral difference, which 

is consistent with the absorption of MPS-PPV layer as shown in Figure 5–3b.  Therefore, the 

author concludes that the fabrication of MPS-PPV layer from the water/DMSO mixed 

solution can enhance the absorption in the visible region and hence the light-harvesting 

efficiency of multilayered polymer solar cells. 
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Figure 5–5.  J–V characteristics of multilayered polymer solar cells with MPS-PPV 

fabricated from the aqueous solution (broken line) or the water/DMSO mixed solution (solid 

lines) of MPS-PPV. 
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Figure 5–6.  Normalized EQE spectra of multilayered polymer solar cells with MPS-PPV 

fabricated from the aqueous solution (broken line) or the water/DMSO mixed solution (solid 

lines).  The inset shows the spectral difference between the two normalized EQE spectra. 
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5.4.  Conclusions 

 The author has shown that optical properties of LbL films with MPS-PPV conjugated 

polymer can be tuned by changing the LbL deposition solution.  By using the water/DMSO 

mixed solution of MPS-PPV for the LbL deposition, the absorption at around 500 nm became 

more remarkable compared with the reference LbL film with MPS-PPV fabricated from the 

aqueous solution.  As a result, JSC of multilayered polymer solar cells was improved by 

>10% relative to the reference cell fabricated from the aqueous solution.  The increase in the 

EQE spectra at around 500 nm is consistent with the absorption enhancement and can account 

for the improvement in JSC.  Therefore, the author concludes that the light-harvesting 

efficiency of LbL-based multilayered solar cells can be improved by careful tuning of optical 

properties of LbL films. 
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Chapter 6 

 

Hybrid Solar Cells of Layer-by-Layer Thin Film with Polymer/Fullerene 

Bulk Heterojunction 

 

 

6.1.  Introduction 

 Organic solar cells have attracted much attention because of their potential for 

lightweight and flexible devices and large-area and cost-effective production.  The design of 

exciton dissociation interface between donor and acceptor materials is the key to the 

improvement in the device performance of organic solar cells.  The intermixing of a 

conjugated polymer and fullerene in blend films has brought about a significant enhancement 

of the dissociation interface, leading to high power conversion efficiencies up to 6–7% more 

recently.1,2  However, it is still difficult to artificially control the interfacial structures based 

on phase separation in such bulk heterojunction solar cells.  Recently, solution-processed 

polymer solar cells by a combination of spincoating and layer-by-layer (LbL) deposition 

techniques was reported.3,4  The LbL technique is not only simple and versatile, but also 

useful for fabricating multilayered ultrathin films with nanometer-scale precision;5–8 thereby 

the thickness of a light-harvesting layer was precisely controlled to be comparable to the 

exciton diffusion length.  Owing to the careful design of the thickness and interfacial 

structures, the internal quantum efficiency of the LbL-based solar cell was as high as ~50%.4  

However, the power conversion efficiency was still as low as 0.26% under AM1.5G simulated 

solar illumination at 100 mW cm−2.  This is mainly because the light-harvesting layer was as 
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thin as ~10 nm and has an absorption band as short as 400 nm, resulting in inefficient photon 

absorption.   

 In the previous device, the electron-transporting layer is a blend film of C60 and 

polystyrene (PS) where PS serves as just a binder because of no absorption in the visible 

region but rather acts as an insulator for the charge transport.4  Herein the author therefore 

replaced PS with poly(3-hexylthiophene) (P3HT) that has a large absorption in the visible 

region and a high hole mobility.  As a result, the device structure is considered to be a hybrid 

solar cell integrating the LbL-based solar cell with bulk heterojunction solar cell.  

Furthermore, the author replaced C60 with C70 because C70 has a relatively high electron 

mobility9,10 but also an absorption band in the visible region.11,12  Consequently, the short-

circuit current (JSC) significantly increased from 0.8 to > 4 mA cm−2 and the open-circuit 

voltage (VOC) remained as high as > 0.7 V, which is higher than that achievable by P3HT-

based bulk heterojunction solar cells (~0.6 V).13  The author discusses the increase in JSC in 

terms of the photon absorption efficiency and the relatively higher VOC in terms of the role of 

the LbL layer in the hybrid solar cells. 

 

6.2.  Experimental Section 

6.2.1.  Device Fabrication 

 Indium-tin-oxide (ITO) coated glass substrates (10 Ω square−1) were cleaned by 

ultrasonication in detergent, acetone, and ethanol for 15 min, respectively, and exposed to 

UV–ozone atmosphere for 1 h.  The first layer was prepared by spincoating on the ITO 

substrate from an aqueous solution of poly(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (Aldrich, PEDOT:PSS) mixed with 20 wt% ethylene glycol.  The 

PEDOT:PSS film was thermally annealed at 70 °C for 14 h in air and at 140 °C for 2 h under 
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vacuum to give insoluble film as reported previously.4  The thickness of the first layer was 

~80 nm.  This layer serves as a hole-transporting layer.  The second layer was prepared by 

the LbL deposition with several combinations of a polycation and a polyanion listed in Figure 

6–1: poly(p-xylene tetrahydrothiophenium chloride) (Aldrich, pre-PPV), poly(2-methoxy-5-

propyloxysulfonate-1,4-phenylenevinylene) (Aldrich, MPS-PPV), poly(4-styrenesulfonate) 

(Aldrich, Mw = 70,000, PSS), and poly(dimethyldiallylammonium chloride) (Aldrich, Mw = 

100,000–200,000, PDDA).  This layer mainly serves as a light-harvesting layer but also a 

hole-transporting layer as the author will discuss later.  The third layer was prepared by 

spincoating from an o-dichlorobenzene solution of several combination of a polymer and a 

fullerene (1:4 w/w for C60, 1:5 w/w for C70) listed in Figure 6–1: poly(3-hexylthiophene) 

(Aldrich, regioregular, Mw = 87,000, P3HT), polystyrene (Aldrich, Mw = 280,000, PS), C60 

(Frontier Carbon), and C70 (Aldrich).  Before the spincoating, each solution was 

ultrasonicated followed by the filtration through a 0.45-µm membrane filter.  The thickness 

of the third layer was 30–40 nm unless otherwise noted.  This layer serves as an electron-

transporting layer or as a bulk heterojunction layer.  The pre-PPV layer was converted to 

poly(p-phenylenevinylene) (PPV) by thermal annealing at 100 °C for 2 h under vacuum after 

the spincoating of the third layer.  Finally, Al was thermally deposited as a counter electrode 

at 2.5 × 10−6 Torr on top of the multilayered film through a metal mask to give an active area 

of 6 mm2 (2 × 3 mm2). 
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Figure 6–1.  The chemical structures of various materials used in this chapter. 
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6.2.2.  Measurements 

 Absorption spectra of the film were measured with a spectrophotometer (Hitachi, U-

3500).  For the absorption measurements, glass or quartz substrates were used instead of 

ITO-coated glass.  The thickness and surface morphology of the film were measured with an 

atomic force microscope (Shimadzu, SPM-9500J) in the contact mode at room temperature.  

The current density–voltage (J–V) characteristics were measured with a DC voltage current 

source/monitor (Advantest, R6243) in the dark and under AM1.5G simulated solar 

illumination at 100 mW cm−2.  The external quantum efficiency spectra were measured with 

a digital electrometer (Advantest, R8252) under monochromatic light illumination from a 

500-W Xe lamp (Thermo Oriel, Model 66921) with a monochromator (Thermo Oriel, UV–

visible Conerstone) and several optical cut-filters (IRQ80, HOYA L-38, and AND-50S-25).  

The ionization potential of films was measured by ambient ultraviolet photoelectron 

spectroscopy (UPS) with a UPS spectrometer (Riken Keiki, AC-2).  All measurements were 

performed in air at room temperature. 
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6.3.  Results 

6.3.1.  Device Performance of Hybrid Cells 
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Figure 6–2.  (a) Left: The absorption coefficient of pristine films of PPV (solid line) and 

P3HT (broken line).  Right: The molar absorption coefficient of P3HT in toluene (dotted 

line).  (b) The absorption spectra of blend films of C60:PS (4:1 w/w) (dashed-dotted line) and 

C70:PS (5:1 w/w) (dashed-two dotted line).  The absorbance was normalized by the film 

thickness. 

 

 As shown in Figure 6–2, PPV has an absorption band around 400 nm, which overlaps 

with only a small portion of the solar spectrum with a photon flux peak around 700 nm.  This 

is one of the reasons for the low power conversion efficiency of the PPV-based polymer solar 

cell the author reported previously.4  The author therefore introduces light-harvesting 

materials to improve absorption efficiency for the solar light.  In the previous photovoltaic 

cell, PS was employed as a binder for C60 in the electron-transporting layer.  However, PS 



129 

has no absorption in the visible region and rather acts as an insulator for the charge transport.  

Consequently, the author replaced PS with P3HT that has an absorption band in the longer 

wavelength than PPV, leading to the better spectral overlap with the solar light.  

Furthermore, the author replaced C60 with C70 that has substantial absorption up to 700 nm as 

shown in Figure 6–2b as well as relatively high electron mobility.  The author should note 

that the electron-accepting layer incorporated with P3HT instead of PS is exactly bulk 

heterojunction structure.  In other words, the photovoltaic device incorporated with P3HT 

can be considered to be a hybrid solar cell of LbL thin film with bulk heterojunction.  Figure 

6–3 shows J–V characteristics of a hybrid polymer solar cell (solid line) and an LbL-based 

solar cell (broken line) measured under AM1.5G simulated solar illumination at 100 mW 

cm−2.  Compared with the LbL-based solar cell, JSC of the hybrid cell significantly increased 

from 0.8 to >4 mA cm−2 and VOC slightly decreased but still remained as high as >0.7 V.   
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Figure 6–3.  The J–V characteristics of a hybrid solar cell with a layered structure of 

ITO|PEDOT:PSS|(PPV/MPS-PPV)2.5|C70:P3HT|Al (solid line) and an LbL-based solar cell 

with a layered structure of ITO|PEDOT:PSS|(PPV/PSS)2.5|C60:PS|Al (broken line) under 

AM1.5G simulated solar illumination at 100 mW cm−2 in air. 
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Figure 6–4.  The external quantum efficiency spectra of the hybrid solar cell (open squares) 

and the LbL-based solar cell (open circles).  The solid and broken lines represent absorption 

spectra of the hybrid solar cell and the LbL-based solar cell, respectively. 

 

 To address the origin of the photocurrent, the author measured the external quantum 

efficiency spectra of the hybrid solar cell (open squares) and the LbL-based solar cell (open 

circles).  As shown in Figure 6–4, the action spectrum of the LbL-based solar cell was in 

good agreement with the absorption spectrum of PPV, suggesting that the photocurrent mainly 

originates from the PPV LbL layer.  On the other hand, the action spectrum of the hybrid 

solar cell was consistent with the absorption spectrum of C70:P3HT blend film (solid line) at 

the wavelength longer than 500 nm but slightly different around 400–500 nm.  The longer 

wavelength range corresponds to the absorption of C70 and P3HT as shown in Figure 6–2.  

Therefore, the significant increase in JSC is readily attributed to the improvement in photon 

absorption efficiency due to the introduction of the bulk heterojunction layer of C70:P3HT as 

the author will discuss later. 
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Figure 6–5.  The J–V characteristics of photovoltaic devices with the PPV LbL layer with a 

layered structure of ITO|PEDOT:PSS|(PPV/PSS)2.5|C60:P3HT|Al (solid line) and without the 

PPV LbL layer with a layered structure of ITO|PEDOT:PSS|C60:P3HT|Al (broken line) under 

AM1.5G simulated solar illumination at 100 mW cm−2 in the air. 

 

 Of particular interest is the relatively high VOC >0.7 V of the hybrid solar cell.  

Recent studies have demonstrated that VOC of bulk heterojunction solar cells is directly 

correlated with the highest occupied molecular orbital (HOMO) level of conjugated 

polymers.13  The HOMO level of the PPV LbL film was estimated to be lower by ~0.2 eV 

than that of the C60:P3HT blend film from UPS measurements.  Thus, the observation of VOC 

>0.7 V indicates that VOC of the hybrid solar cell is governed by the PPV LbL thin layer rather 

than P3HT in the blend.  To address the role of the PPV LbL thin layer in the hybrid solar 

cell, the author furthermore fabricated two photovoltaic cells with and without the PPV LbL 

thin layer: ITO|PEDOT:PSS|(PPV/PSS)2.5|C60:P3HT|Al (solid line) and 

ITO|PEDOT:PSS|C60:P3HT|Al (broken line).  Figure 6–5 shows J–V characteristics of the 

two photovoltaic cells under AM1.5G simulated solar illumination.  In comparison with the 

photovoltaic cell without the PPV LbL layer, the hybrid solar cell with the PPV LbL layer 
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showed remarkable improvements in JSC and VOC.  The increase in JSC is safely attributed to 

the light-harvesting effect of the PPV LbL layer, because the external quantum efficiency of 

the hybrid cell increased around 400–500 nm corresponding to the PPV absorption as shown 

in Figure 6–6.  On the other hand, the increase in VOC indicates that the PPV LbL layer 

effectively suppresses the charge recombination, as the author will discuss later.   
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Figure 6–6.  The external quantum efficiency spectra of the photovoltaic devices with the 

PPV LbL layer with a layered structure of ITO|PEDOT:PSS|(PPV/PSS)2.5|C60:P3HT|Al (open 

triangles) and without the PPV LbL layer with a layered structure of 

ITO|PEDOT:PSS|C60:P3HT|Al (open circles). 

 

6.3.2.  Thickness Dependence of LbL Layers 

 The effect of light harvesting and suppressing in the charge recombination by the 

LbL layer should be dependent on the thickness of the LbL layer and materials employed in 

the layer.  The author therefore fabricated two types of hybrid solar cells having different 

LbL layers with different thicknesses.  One device employs the PPV/PSS LbL layer as a 
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conductive material.  The other employs PDDA/PSS LbL layer as an insulating material.  

Figure 6–7 shows the dependence of device parameters on the thickness of the LbL layer.  

For the hybrid solar cell with the PPV/PSS LbL layer, JSC showed the maximum around 10 

nm in thickness and VOC saturated above 10 nm, resulting in the best performance at ~10 nm.  

This trend is consistent with the previous report for PPV-based multilayered polymer solar 

cells,4 suggesting that the 10-nm-thick LbL layer completely covers the surface of the 

underlayer and prevents the direct contact between neighboring two layers.  For the hybrid 

solar cell with the PDDA/PSS LbL layer, on the other hand, all device parameters steeply 

decreased with increasing thickness.   
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Figure 6–7.  The thickness dependence of the device parameters for the hybrid solar cells 

with several PPV/PSS (open symbols) or PDDA/PSS LbL layers (closed symbols).  The 

solid lines are guided just by eye. 

 

6.4.  Discussion 

6.4.1.  Photon Absorption Efficiency 

 Compared with the LbL-based solar cell, the hybrid solar cell exhibited significantly 

improved performance.  As mentioned above, this was safely ascribable to the photon 

absorption extended to the longer wavelength by the introduction of light-harvesting materials 

such as P3HT and C70.  The extended action spectrum was similar to the absorption spectrum 

of C70 rather than that of P3HT.  Considering the large fraction of C70 (>80 wt%) in the blend 
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film, it can be safely said that the increase in the photon absorption efficiency is mainly due to 

C70 although the absorption coefficient α is about half of that of P3HT.11,12,14  Furthermore, 

the absorption spectrum of the blend film cannot be reproduced by a simple spectral 

superposition of C70 and P3HT films shown in Figure 6–2, suggesting that the crystallinity of 

P3HT in the blend film is not so high that there should be amorphous domains because of the 

small fraction of P3HT (<20 wt%).  The amorphous P3HT film presumably exhibits an 

absorption peak around 400–500 nm as is the case with that of a regiorandom P3HT film15 or 

P3HT in solution as shown in Figure 6–2a.  For P3HT/fullerene blend films, several research 

groups have reported that the device performance is much improved with the increase in the 

crystallinity of P3HT by careful selection of solvents,16 solvent annealing,17,18 blend ratio,19 

and thermal annealing.20–23  Therefore, the amorphous P3HT domain with a low hole 

mobility may result in the relatively low efficiency in the photocurrent generation around 400–

500 nm.  The internal quantum efficiency around 500 nm was roughly estimated to be ~50% 

from the absorption of the blend film considering the reflection at the Al electrode.  This is 

comparable to that for the PPV/C60 LbL heterojunction reported previously.4 

6.4.2.  Role of the LbL Layer 

 As mentioned above, JSC showed the maximum when the thickness of the PPV LbL 

layer was around 10 nm.  This thickness is consistent with the apparent exciton diffusion 

length the author reported previously, suggesting that PPV excitons in the LbL layer efficiently 

migrate to the interface of C60:P3HT blend followed by the charge separation.  The increase 

in the external quantum efficiency around 400–500 nm by the introduction of the PPV LbL 

layer is roughly comparable to that observed for the LbL-based solar cell reported before.4  In 

other words, the PPV LbL layer can effectively contribute to the photocurrent generation 

irrespective of the presence of P3HT.  On the other hand, the increase in VOC suggests that 
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the charge recombination is suppressed by the introduction of the LbL layer.  The saturation 

of VOC above 10 nm is also consistent with the previous study, indicating full coverage of the 

PPV LbL layer on the PEDOT underlayer.  In bulk heterojunction solar cells, undesirable 

contacts may occur at each electrode interface.  For example, as shown in Figure 6–8a, some 

fullerene domains in the blend may directly contact with the PEDOT layer.  This contact 

would cause the reverse electron flow from Al to PEDOT through fullerene domains, resulting 

in the reduction in VOC.  The relatively low VOC observed for the C60:P3HT device without 

the PPV LbL layer may be ascribed to the direct contact of large C60 domains to the PEDOT 

layer because of the high C60 fraction (80 wt%).  The PPV LbL layer introduced can 

effectively suppress the reverse electron flow owing to the lowest unoccupied molecular 

orbital (LUMO) higher than that of C60 or C70, which also would lead to the improvement in 

VOC.  Furthermore, VOC >0.7 V is rather comparable to that of the PPV-based solar cell.  

Recent systematic studies demonstrated that VOC of polymer/fullerene bulk heterojunction 

solar cells is directly correlated to the HOMO level of the conjugated polymer13 and the 

LUMO level of fullerene molecule;24 VOC is proportional to the energy difference between the 

HOMO and LUMO levels.  In other words, the larger HOMO–LUMO difference would give 

the larger VOC because the larger HOMO–LUMO difference can effectively suppress the 

current flow until higher forward voltages.  On the basis of the correlation, VOC of bulk 

heterojunction solar cells with PPV can be estimated to be larger by ~0.2 eV than that with 

P3HT (~0.6 eV), which is consistent with many experimental results.1,16–23  This simple 

estimation is consistent with the observation of VOC >0.7 V.  The author should note that the 

lower HOMO level of PPV is thermodynamically unfavorable to the hole transport from 

P3HT to the PEDOT layer as shown in Figure 6–8b.  Nevertheless, the device performance 

of the hybrid solar cell was improved.  This is probably due to the small difference in the 
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HOMO levels between P3HT and PPV enough for the hole transport, because no 

improvement was observed for hybrid solar cells with PDDA/PSS LbL layers that are 

insulating materials with much lower HOMO levels.  The energy difference is as small as 

~0.2 eV but the resultant improvement in VOC is substantial.  Therefore, these findings 

suggest that VOC is tunable by the introduction of ultrathin LbL layer of a conducting polymer 

with an appropriate HOMO level.   

 

 

 

Figure 6–8.  (a) Schematic illustrations of interfacial structures of polymer/fullerene blend.  

A large C60 domain directly contacts with the PEDOT layer as well as the Al electrode, which 

would result in the reverse electron flow indicated by arrow.  (b) The energy diagram for a 

hybrid solar cell with the PPV-based LbL layer and the C60:P3HT blend layer.  The solid 

lines in the C60:P3HT blend layer denote the HOMO and the LUMO levels of P3HT.  The 

broken lines in the layer denote the HOMO and the LUMO levels of C60.  The energy 

difference between the HOMO level of PPV and P3HT is ~0.2 eV, which is 

thermodynamically unfavorable to the hole transport from P3HT to PPV.   
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6.5.  Conclusions 

 The author fabricated hybrid organic solar cells integrating a PPV-based LbL 

ultrathin film with a P3HT/fullerene bulk heterojunction blend film, which exhibited PCE 

~1% under AM1.5G simulated solar illumination.  The introduction of the PPV-based LbL 

ultrathin layer to bulk heterojunction solar cells improved both JSC and VOC compared with a 

reference bulk heterojunction cell.  The external quantum efficiency spectra showed that the 

PPV-based LbL ultrathin layer substantially contributed to the photocurrent generation around 

400–500 nm while the blend layer >500 nm.  The improved VOC >0.7 V is higher than that 

achievable by P3HT-based bulk heterojunction solar cells, suggesting that VOC of the hybrid 

solar cell is governed by the PPV-based LbL ultrathin film rather than the blend materials.  

These improvements showed the maximum when the PPV-based LbL layers was as thin as 

~10 nm, which is comparable to the apparent exciton diffusion length and enough to prevent 

the direct contact between the neighboring layers.  On the other hand, no improvements in 

JSC or VOC were observed for a hybrid solar cell with several LbL layers of insulating materials.  

Therefore, the author concludes that JSC and VOC can be improved by introduction of an 

ultrathin LbL layer of conducting polymers to bulk heterojunction solar cells.  In particular, 

the finding suggests that VOC is tunable by careful selection of a conducting polymer with an 

appropriate HOMO level and careful design of the thickness of the LbL ultrathin layer. 
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Summary 

 

 In this thesis, the author designed and fabricated multilayered films by the layer-by-

layer (LbL) deposition technique, and investigated the conductive and photovoltaic properties 

of those LbL films.  The thickness of each layer in LbL films was controlled on a scale of 

nanometers, which is comparable with the hopping distance of charge carriers or the exciton-

diffusion length.  Therefore, the LbL films of fullerene or titanium oxide can be employed as 

effective electron-transporting films.  Furthermore, the author discussed the correlation 

between internal nanostructures and the photovoltaic conversion process in multilayered solar 

cells, and optimized the structure of the solar cells.   

 In Chapter 1, the background and motivation of this thesis were described to clarify 

the significance of this thesis.   

 In Chapter 2, fullerene ultrathin films were fabricated by the LbL deposition, and 

were characterized in the layer structure and the conductive properties.  Two types of water-

soluble fullerenes were employed: one is an anionic fullerene C61(COO−)2 (FDCA) and the 

other is a cationic fullerene C60C2H4N(CH3)2
+ (FMAC).  The fullerene ultrathin films were 

successfully deposited at nanometer precision by LbL assembly of PDDA/FDCA and 

FMAC/PSS.  The monolayer thickness of FMAC in the LbL film was consistent with the 

shell thickness of FMAC vesicles in aqueous solutions, suggesting that fullerene LbL films 

consist of counter polymer films and fullerene bilayer films formed by rupture of fullerene 

vesicles.  In terms of conductivity σ, and electron mobility µe, fullerene LbL films are 

comparable to C60:PS blend films, suggesting that there exist effective percolating networks in 

the fullerene LbL films.  Consequently, the LbL assembly of water-soluble fullerenes is 
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useful for fabricating efficient electron-transporting ultrathin films of fullerene materials with 

a precisely-controlled thickness. 

 In Chapter 3, the author fabricated titania-based ultrathin films by the LbL assembly 

of TALH and PDDA or PPV where TALH was completely converted into TiOx in the LbL 

films by thermal annealing at 95 °C for 24 h.  The thickness of ultrathin films was 

successfully controlled by the LbL deposition on a scale of nanometers.  The conductivity σ 

and the electron mobility µe of PDDA/TiOx LbL films were as high as those of nanoporous 

TiO2 film, suggesting that there exist effective percolating networks of TiOx in the direction 

normal to the substrate in the LbL films.  Furthermore, photovoltaic cells including TiOx-

based LbL films exhibited higher device performance than the reference cells with d-TiO2 

layer, suggesting that TiOx-base LbL films in this chapter can serve not only as an electron-

transporting but also an electron-accepting material. 

 In Chapter 4, the device performance was explained on the basis of the device 

structure in terms of all solution-processed organic thin-film solar cells consisting of a hole-

transporting PEDOT:PSS layer, a light-harvesting PPV/PSS LbL layer, and an electron-

transporting C60:PS layer.  First, the photon absorption efficiency was estimated by the 

transfer matrix method.  It was demonstrated that the C60:PS layer serves as an effective 

optical spacer to enhance the optical intensity in the light-harvesting layer.  Second, the 

efficiency of exciton diffusion was evaluated using the one-dimensional diffusion model.  As 

a result, the exciton diffusion constant to be 8 × 10−4 cm2 s−1, and the exciton diffusion length 

to be 10 nm, which is comparable to the optimized thickness of the PPV/PSS LbL layer.  

Third, the efficiency of exciton dissociation by charge transfer at a donor/acceptor interface 

was assumed to be ηCT ~1.  Finally, the efficiency of charge collection to the electrodes ηCC 

was estimated to be ~0.5 for the PPV/PSS LbL layer with a thickness of >7 nm.  These 
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results demonstrated that the device performance can be quantitatively explained in terms of 

the device structure.  Therefore, the author can rationally improve the device performance by 

optimizing the device structure on the basis of these device analyses, which is a great 

advantage of multilayered organic thin-film solar cells as reported for small molecule-based 

solar cells so far.   

 In Chapter 5, the optical properties of LbL films with MPS-PPV conjugated polymer 

were shown to be tuned by changing the solvent of LbL deposition.  By using the 

water/DMSO mixed solution of MPS-PPV for the LbL deposition, the absorption at around 

500 nm became more remarkable compared with the reference LbL film with MPS-PPV 

fabricated from the aqueous solution.  As a result, JSC of multilayered polymer solar cells 

was improved by >10% relative to the reference cell fabricated from the aqueous solution.  

Therefore, the light-harvesting efficiency of LbL-based multilayered solar cells can be 

improved by careful tuning of optical properties of LbL films. 

 In Chapter 6, the author fabricated hybrid organic solar cells integrating a PPV-based 

LbL ultrathin film with a P3HT/fullerene bulk heterojunction blend film, which exhibited 

PCE ~1% under AM1.5G simulated solar illumination.  The external quantum efficiency 

spectra showed that the PPV-based LbL ultrathin layer substantially contributed to the 

photocurrent generation around 400–500 nm while the blend layer >500 nm.  The improved 

VOC >0.7 V is higher than that achievable by P3HT-based bulk heterojunction solar cells, 

suggesting that VOC of the hybrid solar cell is governed by the PPV-based LbL ultrathin film 

rather than the blend materials.  These improvements showed the maximum when the PPV-

based LbL layers were as thin as ~10 nm, which is comparable to the apparent exciton 

diffusion length and enough to prevent the direct contact between the neighboring layers.  

Therefore, the author concludes that JSC and VOC can be improved by introduction of an 
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ultrathin LbL layer of conducting polymers to bulk heterojunction solar cells.  In particular, 

this finding suggests that VOC is tunable by careful selection of a conducting polymer with an 

appropriate HOMO level and careful design of the thickness of the LbL ultrathin layer. 
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