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Chapter 1

General Introduction

1.1. Background and Motivation

1.1.1. Organic Semiconductors

The electronic properties of organic materials have attracted much interest in the
scientific and engineering fields. Pioneer studies on photo- and dark conductivity of
anthracene and its related compounds were reported in the early 20" century.[l’S] In 1948,
Eley reported the conductivity of phthalocyanines.” On the other hand, Inokuchi

investigated the charge transport mechanism in polynuclear aromatic compounds and

[7.8]

demonstrated that these materials are semiconductors. On the other hand, Shirakawa

9,10
)‘[ ]

et al. reported in 1977 the conductivity of iodine-doped poly(acetylene Since this

discovery of the conductive polymers marked developments have been made both in
scientific research and engineering applications. Meanwhile, Kroto et al. discovered Cg

fullerene in 1985.'"'#  Since the discovery of fullerene, the electron transport

[13,14] [15]

property, the molecular magneticity, ™ and the superconductivity of this material and

its derivatives were intensively studied.!'®!"!



Figure 1-1. Chemical structures of representative organic semiconductors: (a)
phthalocyanine (M = metal), (b) a fullerene derivative: [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM), (©) a poly(p-phenylenevinylene) derivative:
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV), (d)
regioregular  poly(3-hexylthiophene) (RR-P3HT), (e) a low-bandgap polymer
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ |dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) (f) a naphthalenediimide-based acceptor polymer
poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

(2,2’-bithiophene)} (P(NDI-20D-T2)) (R = alkyl chain)



In the past two decades, many organic semiconducting materials have been
developed and are being applied to various optoelectronic devices. Historically, Tang et
al. reported the organic light-emitting diode (OLED) and organic photovoltaic (OPV)

device in the late 1980s.!"*"!

They developed bilayered devices with semiconducting
small molecules:  N,N-di(naphthalene-1-yl)-N,N-diphenyl-benzidene) (NPB) and
tris(8-hydroxyquinolinato)aluminum (Algq3) in OLED, copper phthalocyanine and a
perylene derivative in OPV. In the early 1990s, Friend et al. reported a polymer OLED
device®” and Sariciftci et al. reported a polymer/fullerene OPV device.?"!  Both of these
two devices are based on PPV-based polymers. In the field of OPV, Hiramoto et al.
reported that a mixed-layer architecture fabricated by the co-deposition technique can

[22]

improve the photocurrent. In 1995, Yu et al. applied such a mixed layer to a polymer

solar cell based on a blend of conjugated polymer and fullerene, which is called bulk

heterojunction.**!

This bulk heterojunction promoted the research on polymer solar cells.
For instance, regioregular poly(3-alkylthiophene)s (RR-P3ATs) and a methanofullerene
derivative have been intensively investigated because RR-P3ATs have a good balance

[24-26]

between solubility and crystallinity. In particular, poly(3-hexylthiophene) (P3HT)

and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) have been widely used for OPV

devices during the past 5 years.[26]

On the other hand, low-bandgap polymers are
attractive due to their good near-IR (NIR) light absorption property. For instance,
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ |dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) is a typical low-bandgap polymer, which was firstly
reported in 2006.%" This polymer consists of the cyclopentadithiophene donor unit and
the benzothiadiazole acceptor unit in the main chain as shown in Figure 1-1. Because of

the donor—acceptor interaction, this polymer has absorption red-shifted up to ~800 nm.

The use of a high boiling point additive in the spin-coating solvent of the PCPDTBT-based



polymer solar cell improves short-circuit current Jsc over 15 mA em 2.2 A briefly

mentioned above, organic semiconductors advanced along the development of the device

study. Next, the details of organic photovoltaics (organic solar cells) will be described.

1.1.2. Organic Solar Cells

Organic solar cells are made of electron donor and electron acceptor materials in
the active layer, which is sandwiched between two electrodes. Electron donor and
electron acceptor materials are characterized by their relative energy alignment of the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO): a material with a relatively shallow HOMO level is an electron donor and a

[29,30]

material with a relatively deep LUMO level is an electron acceptor. For instance,

phthallocyanines,[3 1 acenes,” and most of the conjugated polymers are used as electron

[33] [21]

donor materials. On the other hand, perylenes, fullerenes, and
perylenediimide-based or  naphthalenediimide-based  copolymers such as
poly{[N,N’-bis(2-octyldodecyl)- naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-
(2,2’-bithiophene)} (P(NDI-20D-T2)) are used as electron acceptor materials.***!  The
photovoltaic conversion in organic solar cells is divided into five processes: i) photon
absorption, ii) exciton diffusion, iii) charge transfer, iv) charge dissociation, and v) charge
transport. The schematic diagram is shown in Figure 1-2. The device performance is
given by the product of the efficiency of each process. Therefore, even one inefficient
process limits the overall photovoltaic conversion performance. Details of each
photovoltaic conversion process will be surveyed.

Upon excitation of an organic material, singlet excitons are formed first. This is

different from inorganic semiconductors in which charge carriers are directly formed by
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Figure 1-2. Schematic diagram of photovoltaic conversion processes in an organic solar
cell: 1) photon absorption, ii) exciton diffusion, iii) charge transfer, iv) charge dissociation,
and v) charge transport The open and closed circles indicate holes and electrons,
respectively. The dotted and broken ellipses indicate excitons and an interfacial charge
pair, respectively. Note that this diagram shows a situation of donor excitation.

[36]

photon absorption. This is ascribed to two reasons: (i) the strong Coulomb binding due

to low permittivity of organic material and (ii) the weak non-covalent electronic interaction

between organic molecules.”’™"

The exciton binding energy for organic materials is
estimated to be 0.2 — 0.4 eV.***!! If the energy offset at the heterojunction is sufficient to
overcome this binding energy, excitons dissociate to an interfacial charge pair by charge
transfer reaction. In the case of donor excitation, the difference in LUMO level AE;umo
is responsible for the charge transfer reaction. Thus, the energy gap at the heterojunction
should be arranged by employing an appropriate combination of electron donor and
acceptor materials. On the other hand, this charge transfer reaction occurs only at the
heterojunction. Thus the phase-separated domain size should be as small as the exciton
diffusion length for excitons to reach the interface. The diffusion length of a singlet

exciton is as short as ~10 nm in a typical organic material.****' In other words, the

domain size should be as small as ~10 nm for efficient photovoltaic conversion.



Therefore the relative alignment of two materials both in energy level and at an spatial

distribution is important for efficient conversion from exciton to interfacial charge pair.
The dissociation of the interfacial charge pair is the next process for photovoltaic

conversion. Such interfacial charge pairs are also called interfacial charge transfer (CT)

states.! "~

The schematic diagram of dissociation and recombination of interfacial CT
states are shown in Figure 1-3. The dissociation with a rate constant of kyg;s competes with

geminate recombination of interfacial CT states with a rate constant Ke... In the

Onsager—Braun theory, the rate constant of the interfacial CT state dissociation Kgis is

formulated by Equation 1-1°%"
Kes =7 K
_ &) 3 exp| - 5o (1-1)
<‘9r >€0 4@’ Ky T

where y and K are the bimolecular recombination rate constant and the equilibrium
constant of dissociation of the interfacial CT states, ( is the elementary charge, <u>, <¢:>,
and g are the spatial averaged charge mobility, the relative permittivity, and the vacuum
permittivity, respectively, a is the thermalization radius, E;, is the Coulomb binding energy
of the interfacial CT state, kg is the Boltzmann constant, and T is the temperature. Note
that this formula is valid for zero field. The second term K comes from the ratio between
recombination and dissociation of interfacial CT states. Braun established his model on

[51,52]

the comparison to equilibrium constant of ion pair dissociation in solution. Another

formulation is proposed by Tachiya et al. This includes not only the finite intrinsic

(53]

recombination rate but also the nonzero reaction radius. Nevertheless, the charge

dissociation process in bulk heterojunction device requires further study.
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Figure 1-3. Schematic diagram of interfacial CT state dissociation and recombination
processes: y bimolecular recombination rate constant of free charge, Kgis dissociation rate

constant of CT state, and k... recombination rate constant of CT state.

On the other hand, CT state emissions are detected by photoluminescence or
electroluminescence techniques in some polymer/fullerene blend films. Ingands et al.

reported a series of studies on CT emissions of MDMO-PPV/PCBM, P3HT/PCBM, and

[54]

fluorene-based copolymer/PCBM blend films by electroluminescence. On the other

hand, Loi et al. reported photoluminescence of CT state in PCPDTBT/PCBM blend

films.5!

These emissions are red-shifted away from the singlet exciton emission band.
For example, in the PCPDTBT/PCBM blend, CT state emission is observed at 1100 nm
whereas emission of the PCPDTBT singlet exciton is observed at 900 nm, and that of
PCBM is observed at 750 nm.”®  From the CT state emission, the lifetime of the CT state

can be estimated. On the other hand, a recent transient absorption study showed that the

charge dissociation efficiency is high in RR-P3HT/PCBM but low in blend films of



regiorandom P3HT and PCBM.P”  However, the origin of the difference in the
dissociation yield is not fully understood.

The free charge carriers are transported within the device and collected by the
electrodes. It is generally considered that holes and electrons are transported in

conjugated polymers and fullerene derivatives, respectively.?"!

Indeed, organic
semiconductors with a shallow ionization potential tend to be p-type semiconductors and
organic semiconductors with a deep ionization potential tend to be n-type semiconductors.
On the other hand, ambipolar transport properties have been recently reported for not a few
materials including fullerenes, pentacene, and conjugated polymers in the field effect
transistor (FET) devices with appropriate electrodes and gate dielectrics.”™®*  These
reports indicate that organic semiconducting materials are inherently capable of being
ambipolar. On the other hand, recent studies have shown that the hole mobility of the
MDMO-PPV/PCBM blend is larger than that of pristine MDMO-PPV by more than two

orders of magnitude at 80 wt% PCBM.*>%!

This suggests that the charge transport in the
blend is much more balanced. This finding seems contradictory to the prevailing view
that conjugated polymers such as MDMO-PPV act as a hole-transporting material and that
fullerene derivatives such as PCBM act as an electron-transporting material. Blom et al.
proposed that the ring-like molecular conformation of MDMO-PPV might be the origin of
the poor transport properties in the pristine film, which would be hindered in the blend to

improve the hole mobility.!®”!

On the other hand, Nelson et al. demonstrated that adding
PCBM to the blend increases the mobility of both the electron and hole compared to that of
pristine MDMO-PPV.'®!  They also found that electron and hole mobilities are of similar
magnitude for PCBM dispersed in a polystyrene (PS) matrix. Indeed, the ambipolar
charge transport has already been reported for fullerene-based FET including PCBM.[*!6%

However, it is still not clear whether holes are transported in PCBM or not. On the other



hand, the charge transport process competes with bimolecular recombination. If the
charge lifetime is shorter than the charge collection time, a limited short-circuit current Jsc
would be observed because most of the charge carrier should decay before the collection.
Therefore, the charge transport process has a critical impact on the Jsc of the device.
Meanwhile, the charge recombination is responsible for the open-circuit voltage
(Voc) of the polymer/fullerene device. This is because the recombination flux is equal to

78] On the other hand, the

the charge generation flux at the open-circuit condition.
maximum photovoltage is considered to be limited by the energy gap between the highest
occupied molecular orbital (HOMO) level of a donor polymer and the lowest unoccupied
molecular orbital (LUMO) level of an acceptor fullerene (AEps). Indeed, Voc has been
reported to increase with lowering the HOMO level of polymers and raising the LUMO

level of fullerenes.[**"!

Although there have been several studies showing a linear
relationship between qVoc and AEp, experimentally, Voc is generally 0.2 — 0.5 eV smaller
than AEDA.[49’69*7” Recently, the difference between Voc and AEpa has been discussed.
For example, Koster et al. reported that the difference is related to the dissociation
probability of bound electron-hole pair and the Langevin recombination of free

72731 On the other hand, Inganis et al. reported a linear relationship between

carriers.
dVoc and the CT emission energy Ecr for blend films based on various conjugated
polymers and PCBM. In this relationship, QVoc is reduced by 0.5 — 0.6 eV compared to
ECT[56’74’75], which is similar to the difference between QVoc and AEps. They ascribed
~0.25 eV of the reduction to radiative losses that are related to the formation of CT

751 As described above, the

complex, and the rest (~0.35 eV) to nonradiative losses.
difference between Voc and AEps has been discussed in terms of the bimolecular

recombination dynamics in which CT states are involved. However, the origin of Vpc in

polymer solar cells is not fully understood.



As surveyed above, (i) spatial and (ii) energetic alignments of heterojunction are
crucial for photovoltaic conversion. On the spatial alignment, the bulk heterojunction
leads to a relatively high charge dissociation probability; however the charge collection
efficiency is not always high because the charge transport paths are not always percolated
to each electrode. Rather, the phase separation in the active layer significantly affects the
photovoltaic conversion efficiency. For instance, a finely mixed structure leads to an
efficient charge separation; however inefficient charge collection is expected because of
the lack of charge transport paths, and vice versa. Indeed, many studies have been
devoted to the control of the phase separation to improve the photovoltaic conversion

[76-78]

efficiency by various technique such as thermal annealing, solvent vapor

t [77,79] [28,80,81]

treatmen or usage of additives. For example, the overall power conversion

efficiency (PCE) of PCPDTBT/PCBM device is enhanced by a factor of ~1.5 by using

11 On the other hand, energetic

1,8-diiodooctane as an additive for spin-coating solution.
alignment of materials, the charge transfer reaction at the interface is dependent on the
energy gap as mentioned above. Similarly, the Voc is considered to be limited by the
energy gap between the HOMO level of a donor polymer and the LUMO level of an
acceptor fullerene. Moreover, the relative energy alignment is thought to be the

determinant of polarity of charge carrier in the material. In this thesis, each photovoltaic

conversion process will be discussed at the sight of these two alignments of two materials.

1.1.3. Methodologies Used in This Thesis
A. Transient Absorption Spectroscopy

Time-resolved spectroscopy such as time-correlated single photon counting
(TCSPC) and transient absorption spectroscopy (TAS) is a powerful tool for investigating

chemical reactions directly. Among them, transient absorption spectroscopy can detect

10



even a non-fluorescent species such as charge carriers formed in OPV devices. Therefore,
this is suitable for observation of charge carriers formed in polymer/fullerene solar cells.
This kind of technique was first proposed by Porter and Norrish in 1949 and 1950 as flash

photolysis.[gz’83 ]

At this time, a flash lamp was used for the excitation. Therefore, its
time resolution was limited to a microsecond time regime. This technique has been
developed along the evolution of laser techniques. In 1967, Novak and Windsor reported
nanosecond laser photolysis and spectroscopy using a Q-switched ruby laser.®"  After
that, in the late 1980s mode-locked titan-doped sapphire (Ti:Sapphire) laser provides
ultrashort pulse (~100 fs)."®!  The pump and probe technique with ultrashort pulse lasers
allows researchers to directly observe ultrashort phenomena such as elemental processes in
chemical reactions.

The transient measurements of solution samples have been actively performed by
transient absorption or time-resolved fluorescence measurements. However, transient
absorption measurement of thin films is a challenging issue because of the small signal due
to short optical length of the sample. This is difficult especially after sub-microsecond
time domain at which the signal amplitude is extremely low. In this study, signal
amplifier with band pass filters are employed to gain a high signal-to-noise (S/N) ratio in a
sub-micro- to millisecond time regime. The band pass filter limits the observation
window typically to 3 orders of magnitude in the time domain. Furthermore, the signals
are accumulated more than 1000 times to improve the S/N ratio. As a result, the system
can detect signal as weak as AOD = 107°.  This level is sufficient to detect transient
species formed in a thin film sample. In this thesis, this high-sensitive microsecond
transient absorption spectrometer and a femtosecond transient absorption spectrometer are
employed to quantitatively detect charge carriers over the whole time range from photon

excitation to charge transport processes.

11



B. Equivalent Circuit M odel

o_

Figure 1-4. Equivalent circuit model of polymer solar cells used in this thesis. A diode
with series resistor R, and a parallel resistor R, are assumed. Jy and n are the diode

parameters of saturation current and ideal factor, respectively.

The current—voltage characteristics of solar cell devices are analyzed using the
equivalent circuit model based on one diode a series resistor Ry, and a parallel resistor R, as
shown in Figure 1-4. Herein, the Sah—Noyce—Shockley (SNS) diode model is employed.

This SNS diode model is submitted by Sah and Noyce as a modification of the original

[86,87]

Shockley model. The SNS model concerns the recombination process whereas

Shockley model is based on diffusion of the minority carrier under a forward bias without

[88]

recombination. This SNS diode model explained the current—voltage properties of Si

(Eq = 1.12 eV) or GaAs (E, = 1.42 eV) inorganic p-n junction diodes in early times where

861 In this model, current

charge generation-recombination processes are not negligible.
flow across the diode is described as Jo[exp(qV/nkgT) — 1]. Therefore, J-V characteristics

of the device can be derived by Equation 1-2.

J= Jo{exp{—q(\/n; ‘?I_RS A)} - 1} +—(V %;]E A - Jph

where Jj is the saturation current density, N is the ideality factor, R is the series resistance,

(1-2)

12



R, is the parallel resistance, A is the active area of the device, and Jp;, is the photocurrent
density. Recent studies have shown that this model can explain the J-V characteristics

not only of inorganic solar cells but also of organic solar cells. %!

Assuming that J,p 1s
equal to Jsc, Equation 1-2 can be simplified into Equation 1-3 under the open-circuit

condition because of Voc << JscR,A and Jy << Jsc.

v, =Kty Jsefy o Voo || kT h{JSCJ (1-3)
q Jo JSCRpA q Jo

On the other hand, Voc is dependent on the saturation current density Jy in terms of the

diode-based equivalent circuit model. Recently, it is reported that the molecular

structures affect Vpoc in small molecule-based organic solar cells.”+7

This suggests
that Voc is dependent on the electron transfer at the interface because of the difference in
the electronic coupling between donor and acceptor molecules. This thesis discusses

the origin of the open-circuit voltage by analysis on a diode parameters Jy estimated

from the J-V characteristics of devices.

1.2. Outline of This Thesis

The main topic of this thesis is to clarify the photovoltaic conversion
mechanism in polymer/fullerene solar cells. In photophysical and device physical
studies, the photovoltaic conversion processes are discussed at the sight of each
elemental process.

This thesis consists of six chapters. The first chapter describes the motivation,
background and methodology of this thesis. The following chapters are divided into
two parts.

In Part I (Chapters 2 and 3), the PCBM cation formation in polymer/fullerene

solar cells is discussed. In Chapter 2, the formation of PCBM cation is investigated for

13



MDMO-PPV/PCBM blend films by high-sensitive microsecond transient absorption
measurements. As a result, it is shown that PCBM cation is formed in this blend film.
In Chapter 3, the formation of PCBM cation is systematically studied in blend films of
PCBM and conjugated polymers with different ionization potentials in order to address
the formation mechanism of PCBM cation in polymer/fullerene blends. Computational
simulations are also employed to discuss the formation mechanism and the energetic
condition of the PCBM cation formation in polymer/PCBM blend films.

In Part II (Chapters 4 to 6), the recombination of charge carriers in
polymer/fullerene solar cells are discussed. In Chapter 4, the open-circuit voltage of
P3HT/fullerenes devices is discussed in terms of CT state recombination. The
equivalent circuit analysis is performed for the current—voltage properties of devices
with seven different fullerene derivative(s). In Chapter 5, such CT state recombination
and dissociation are discussed on the basis of the transient absorption measurements of
low-bandgap polymer solar cells. In Chapter 6, all the photovoltaic conversion
processes are comprehensively discussed for a fluorene-based copolymer solar cell to

explain the device performance.

14
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Chapter 2

Formation of Methanofullerene Cation in Bulk Heterojunction

Polymer Solar Cells

2.1. Introduction
Since the discovery of efficient electron transfer in blend films of conjugated

polymer with fullerene,[l’z]

such blend systems have attracted increasing interest in
photophysical studies and application to organic devices. For blend films of
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) with
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), ultrafast charge separation has been
reported.”)  Furthermore, the intermixing of the polymer electron donor and the fullerene
electron acceptor can provide a significantly enlarged interfacial area of donor and
acceptor "bulk heterojunction”, resulting in a high charge separation efficiency. This
blend system is one of the most thoroughly studied donor—acceptor pairs for bulk
heterojunction organic solar cells, exhibiting power conversion efficiencies of about 3%

461" In other words, the most efficient

with a 1 : 4 weight ratio of polymer to fullerene.
solar cells based on MDMO-PPV and PCBM require a high content of PCBM (80 wt %).
This is however unfavorable for light absorption, because fullerene derivatives such as
PCBM have small absorption in the visible region compared with conjugated polymers
such as MDMO-PPV. Moreover, this biased ratio seems to have a disadvantage for
charge transport, because charge-carrier mobility for electrons in PCBM (2 x 10~ cm?® V™!
S—l)[7]

is more than three orders of magnitude larger than that for holes in MDMO-PPV

pristine film (3 X 107 cm? V! s_l).[g]
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Figure 2-1. Chemical structures used in this study: (a) MDMO-PPV, (b) PCBM, (c)

TMPD, and (d) TCNE.

Recent studies have shown that the hole mobility of the MDMO-PPV/PCBM
blend is larger than that of pristine MDMO-PPV by more than two orders of magnitude at
80 wt% PCBM,"! suggesting that the charge transport in the blend is much more balanced
than previously assumed. This finding seems contradictory to the prevailing view that
conjugated polymers such as MDMO-PPV act as a hole-transporting material and that
fullerene derivatives such as PCBM act as an electron-transporting material. Blom et al.
proposed that ring-like molecular conformation of MDMO-PPV might be the origin of the
poor transport properties in the pristine film, which would be hindered in the blend to

Bl On the other hand, Nelson and her coworkers have

improve the hole mobility.
demonstrated that adding PCBM to the blend increases the mobility of both electron and
hole compared to the pristine MDMO-PPV."”!  They also found that electron and hole

mobilities are of similar magnitude for PCBM dispersed in a polystyrene (PS) matrix.
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Indeed, ambipolar charge transport has already been reported for fullerene-based
field-effect transistors (FET) including PCBM.""'"I" However, it is still not clear whether
PCBM radical cation is formed as a hole carrier in the blend films or not.

Herein, a detailed spectroscopic study of charged carriers formed in
MDMO-PPV/PCBM blend films at a PCBM concentration ranging from 0 to 80 wt% by
transient absorption spectroscopy was reported. For identification of charge carriers
formed in the blend, the absorption spectrum and the molar absorption coefficient of each
charge carrier, MDMO-PPV hole polaron, PCBM radical anion, and PCBM radical cation,
were measured by using various combinations of electron donor and acceptor materials
shown in Figure 2-1. The transient absorption spectra of the blend (<10 wt% PCBM)
were reproduced by a simple summation of that of MDMO-PPV hole polaron and PCBM
radical anion. On the other hand, the transient spectra (>30 wt% PCBM) were not
reproduced by the simple summation but well reconstructed by a summation of that of
MDMO-PPV hole polaron, PCBM radical anion, and PCBM radical cation. This finding
provides spectroscopic evidence of formation of PCBM radical cation in the blend at
higher PCBM concentrations, suggesting that PCBM serves as not only an
electron-transporting material but also a hole-transporting material in bulk heterojunction

solar cells with high PCBM fractions.

2.2. Results
2.2.1. Transient Absorption Spectra

Figure 2-2 shows the transient absorption spectra of MDMO-PPV/PCBM blend
films with various concentrations of PCBM ranging from 5 to 80 wt%. The blend films

with PCBM at low concentration (<10 wt%) exhibited broad absorption bands from 900
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AOD (a.u.)

800 900 1000 1100
Wavelength / nm

Figure2-2. Transient absorption spectra of MDMO-PPV/PCBM blend films at 1 ps after
the laser excitation at 500 nm with a fluence of 30 pJ cm™.  The PCBM concentration is

as follows: (a) 5, (b) 10, (¢) 30, (d) 50, (e) 68, and (f) 80 wt %.

to 1000 nm. The absorption peak at ~1000 nm is characteristic of fullerene radical

[12]

anions. The remaining broad absorption around 950 nm is indicative of formation of

MDMO-PPV hole polarons as reported previously.[m

Therefore, the broad absorption
from 900 to 1000 nm is tentatively assigned to the formation of MDMO-PPV hole polaron
and PCBM radical anion as charge carriers in the blend films at the low PCBM
concentrations. On the other hand, the transient absorption spectra changed at higher

PCBM concentrations (>30 wt%) where a new absorption band appeared at ~900 nm.

One possible explanation for this spectral change is that another charge carrier is newly
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formed in the blend films with PCBM at high concentration as mentioned below.
Another explanation is that the absorption spectra of charge carriers vary with the PCBM
concentration. Fullerene anions in film state have essentially the same absorption spectra

. . 14
as in solutions.!'¥

More probably, therefore, the absorption spectrum of MDMO-PPV
polarons may be dependent upon the PCBM concentration. Note that Blom et al. propose
the conformational change of MDMO-PPV due to interactions between MDMO-PPV and

PCBM to explain the high hole mobility in the blend films with PCBM at a

1

concentration.””!  The conformational change would cause a spectral change in transient

absorption of the blend films heavily doped with PCBM.

AOD (a.u.)

800 900 1000 1100
Wavelength / nm

Figure 2-3. Transient absorption spectra of MDMO-PPV/TCNE blend films at 10 ps
after the laser excitation at 500 nm with a fluence of 30 pJ cm™ The TCNE

concentration is: (a) 5 and (b) 50 wt%.

To examine the dependence of absorption spectrum of MDMO-PPV polarons on
dopant concentrations, blend films with tetracyanoethylene (TCNE) were fabricated
instead of PCBM because TCNE radical anion has no absorption band from 900 to 1000
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nm. Furthermore, TCNE is a strong electron acceptor (E;(TCNE /TCNE) = 0.24 V vs
SCE)!"™! compared with Cgg (E;2(Ceo /Ce0) = —0.3 — 0.4 V vs SCE)."  Figure 2-3 shows
the transient absorption spectra of MDMO-PPV/TCNE blend films with 5 and 50 wt%
TCNE. For the blend film with 5 wt% TCNE, a broad absorption was observed at ~950
nm. A similar absorption was observed at ~960 nm for the blend film with 50 wt%
TCNE. As mentioned before, both spectra can be safely assigned to MDMO-PPV hole
polaron. It should be noted that there is no distinct absorption peak at ~900 nm where a
new absorption band was observed for MDMO-PPV/PCBM blend films with high PCBM
concentrations (> 30 wt%). Therefore, these results suggest that the new absorption band
at ~900 nm cannot be ascribed to the spectral change of MDMO-PPV hole polaron due to
the heavy doping of electron-accepting molecules. Rather the 900-nm band is more
probably due to the formation of charge carriers related with PCBM. To study charge
carriers formed in the blend films, the absorption spectrum for possible charge carriers will

be assigned in the following section.

2.2.2. Assignment of Charge Carriers

For the quantitative discussion, the author will not only assign the absorption
spectrum but also evaluate the molar absorption coefficient of each charge carrier by using
various combinations of electron donor and acceptor materials.

First, transient absorption spectra of an MDMO-PPV pristine film were measured
to confirm the absorption of MDMO-PPV hole polaron. The solid lines in Figure 2-4a
show transient absorption spectra of the MDMO-PPV pristine film from 2 to 10 ps after
the laser excitation. The absorption peak shifted from 860 nm at <2 us to ~950 nm for
time delay >5 ps, demonstrating the formation of two independent transient species in the

pristine film. Figure 2-4b shows the time evolution of the transient signals at 850 nm
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Figure 2-4. (a) Transient absorption spectra of an MDMO-PPV pristine film (solid lines)
at 1, 2, 5, and 10 ps after the laser excitation at 500 nm with a fluence of 30 pJ cm™. The
broken line represents the transient spectrum at 10 ps multiplied by a factor of 0.2. (b)
The transient decay at 850 nm (solid line) and 940 nm (broken line). The decay at 940

nm is multiplied by a factor of 0.3.

(solid line) and 940 nm (broken line). The decay at 850 nm was fitted with a sum of a
single-exponential function and a power equation, AOD = A exp(— t/7) + B t™%, while the
decay at 940 nm was well fitted with only a power equation. The monoexponential phase
decayed with a lifetime of 7 ~ 0.5 ps under Ar atmosphere and disappeared under O,
atmosphere. The absorption peak and the lifetime in the earlier time domain were in

agreement with those reported for triplet—triplet (T—T) absorption of PPV derivatives.!'®!”
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This fast decay is therefore assigned to MDMO-PPV triplet excitons. For the time delays
>5 us, on the other hand, the decay at both 850 and 940 nm were well fitted by the power
equation with the same exponent oo = 0.27, suggesting that there is one decay pathway.
The power-law decay is characteristic of the bimolecular recombination of charged species

in the presence of energetic disorder.!'™

Furthermore, the transient absorption spectra at
>5 us of the MDMO-PPYV pristine film were similar to that assigned to MDMO-PPV hole
polaron in MDMO-PPV/TCNE blend films shown in Figure 2-3, suggesting that there is
little contribution of MDMO-PPV electron polaron to the absorption band. Thus, the
absorption band at ~950 nm is safely attributable to MDMO-PPV hole polaron. The

molar absorption coefficient will be evaluated later by using the absorption spectrum at 10

us as MDMO-PPV hole polaron.

AmOD

600 800 1000 1200
Wavelength / nm

Figure 2-5. Transient absorption spectra of PS/TMPD/PCBM/ (5 : 2 : 3 w/w) blend films
at 1, 2, and 10 ps after the laser excitation at 400 nm with a fluence of 65 pJ cm™>.  The

inset shows the transient decay at 600 nm (solid line) and 1050 nm (broken line).

Next, transient absorption spectra of PS films doped with
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) as an electron donor and PCBM as an

30



electron acceptor were measured to assign the absorption of PCBM radical anion. The
weight ratio of each component in the film was PS : TMPD : PCBM =5 :2: 3. As
shown in Figure 2-5, two absorption bands were observed at 570 and 1020 nm. The
absorption band at 570 nm is in good agreement with that reported for the oxidation
product of TMPD called Wurster’s Blue,“g] and therefore was assigned to TMPD radical
cation. The absorption band at 1020 nm is assigned to PCBM radical anion because, as
mentioned before, various radical anions of fullerene derivatives have a characteristic
absorption band around 1000 nm: a fullerene radical anion (1080 nm), a methanofullerene

).[12] In a time

radical anion (1040 nm), and a fulleropyrrolidine radical anion (1010 nm
domain longer than 10 ps, as shown in the inset to Figure 2-5, both bands obeyed the
power-law decay dynamics with the same exponent o = 0.25. Thus, the same decay
dynamics observed at 570 and 1020 nm is ascribable to the bimolecular recombination of
TMPD radical cation and PCBM radical anion without other decay pathways, suggesting
that no other transient species such as singlet and triplet excitons contribute to the transient
absorption spectra on the longer time scales (>10 ps). Therefore, the molar absorption
coefficient of PCBM radical anion can be evaluated from the transient absorption spectra
at 10 ps. On the basis of the molar absorption coefficient of TMPD radical cation (¢ =
12000 M~ cm'l),[lg’zo] that of PCBM radical anion was evaluated to be & = 6000 M~' cm™
at 1020 nm. This value is smaller than that reported for the C¢ radical anion (¢ = 15000
M~ cm™) but rather comparable to that of fullerene derivatives, a fulleropyrrolidine radical
anion (¢ = 8000 M cm_l) and a methanofullerene radical anion (¢ = 10000 M cm_l).[m
Note that essentially the same transient absorption spectra were obtained for
PS/TMPD/PCBM (2 : 2 : 6 w/w) blend films (data not shown). In other words, the
PCBM radical anion has a characteristic absorption around 1020 nm independently of the

PCBM concentration. This trend is consistent with the previous report for Cgo.'¥
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Figure 2-6. Transient absorption spectra of PCBM/TCNE solution in benzonitrile at 2, 5,
and 10 ps after the laser excitation at 400 nm with a fluence of 30 puJ cm™. The molar
concentration is [PCBM] = 1.3 mM and [TCNE] = 6.6 mM. The inset shows the transient

decay at 900 nm (solid line) and 450 nm (broken line).

Finally, the transient absorption spectra of a benzonitrile solution dissolved with
PCBM as an electron donor and TCNE as an electron acceptor were measured to assign the
absorption of PCBM radical cation. These spectra were measured in solution rather than
in film because a good common solution for fullerene and TCNE is not found.
Photoexcitation of this blend solution will give PCBM radical cation and TCNE radical
anion, because photoinduced electron transfer from fullerene triplet to TCNE has been

reported. (21]

Figure 2-6 shows the transient absorption spectra of a mixture of PCBM and
TCNE in benzonitrile. Two distinct absorption peaks were observed at 450 and 890 nm.
The absorption band at 450 nm is indistinguishable from the spectrum of TCNE radical
anion previously reported” and the other band at 890 nm is slightly blue-shifted
compared with that of fullerene radical cation (980 nm)[23’24] but rather similar to that of

fullerene derivatives (960 nm).”® These two bands were therefore assigned to the

formation of PCBM radical cation and TCNE radical anion. As shown in the inset to the
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figure, the transient signal at 890 nm decayed much faster than that at 450 nm while both
decay dynamics were finally similar at the longer time stage. The decay at 450 nm was
well fitted with a sum of the first and second order equations: AOD = At™' + B exp(- t/7)
while the band at 890 nm obeyed the second order kinetics: AOD = A t'. The
monoexponential lifetime of the transient signal at 450 nm was ~ 80 ps and significantly
shortened under O, atmosphere. In a reference experiment, a similar transient absorption
was observed at 450 nm with the same lifetime for a benzonitrile solution with TCNE
alone. Thus, the first order decay component of the blend solution is due to TCNE in the
excited triplet state. The second order decay is therefore assigned to bimolecular
recombination of PCBM radical cation and TCNE radical anion. On the basis of the

[22]

molar absorption coefficient of TCNE radical anion & = 5670 M em™! at 457 nm, ' that

1

of PCBM radical cation is evaluated to be ¢ = 9000 M~' ¢cm™ at 890 nm, which is

comparable to that of fullerene radical cation (& = 11000 M cm_l).m]

2.3. Discussion
2.3.1. Charge Carriers Formed in MDMO-PPV/PCBM Blends

The author starts off the discussion by considering charge carriers formed in
MDMO-PPV/PCBM blend films. For blend films with PCBM at a low concentration, as
mentioned above, the transient spectra observed were tentatively assigned to the formation
of MDMO-PPV hole polaron and PCBM radical anion. For confirmation of this
assignment, the spectra for the film with 5 wt% PCBM were compared with a summation
of each spectrum of MDMO-PPV polaron and PCBM radical anion obtained in the
previous section. As shown in Figure 2-7a, the reproduced spectrum was in good
agreement with that observed for the blend film with 5 wt% PCBM. Therefore, it is

concluded that MDMO-PPV polaron and PCBM radical anion are formed as charge
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carriers in the blend films with PCBM at a low concentration (<10 wt%). From the
spectral simulation, the molar absorption coefficient of MDMO-PPV hole polaron is
evaluated to be eypmoppy’ = 15000 M~' cm™! on the basis of that of PCBM radical anion
epcem’ = 6000 M~ cm™. This value is comparable to an absorption cross section of

polarons reported for a PPV derivative.*
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Figure 2-7. Transient absorption spectra of MDMO-PPV/PCBM blend films (open
circles) at 1 ps after the laser excitation at 500 nm with a fluence of 30 pJ cm™. The
PCBM concentration is (a) 5 wt% (b) 68 wt%. The solid lines represent absorption
spectra simulated by a sum of each absorption spectrum of charge carriers: MDMO-PPV™*
(broken lines), PCBM~ (dotted lines), and PCBM" (dashed-dotted lines). The mole
fraction of each spectrum is (a) MDMO-PPV* : PCBM" : PCBM™ =0.5:0:0.5, (b) 0.15 :

0.35:0.5.

On the other hand, two possible explanations were considered for the different
transient spectra observed for blend films with high PCBM concentrations as mentioned

above. As shown in Figure 2-3, the absorption spectrum of MDMO-PPV hole polaron at
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~950 nm is essentially independent of TCNE dopant concentrations up to 50 wt%

27
)'[ ]

(corresponding to ~40% by volume This concentration is much higher than the 30

wt % PCBM concentration (corresponding to ~20% by volume)™"

above which spectral
changes were observed in the transient measurements. Furthermore, no spectral change
was observed for PS/TMPD/PCBM blend films with PCBM concentrations up to 60 wt%,
suggesting that the absorption spectrum of PCBM radical anion is also essentially

[14] Therefore, it is

independent of the PCBM concentration as reported previously.
concluded that neither MDMO-PPV polarons nor PCBM radical anion is related to the
spectral change observed for blend films with PCBM at a high concentration (>30 wt%).
Instead it is concluded that another charge carrier is formed in blend films at the high
PCBM concentrations. The author considers PCBM radical cation as the most possible
carrier formed at the high PCBM concentrations because, as mentioned before,

MDMO-PPYV electron polaron has negligible absorption in the wavelength region from 800

to 1000 nm.
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Figure 2-8. The mole fraction of PCBM" in hole carriers plotted against the weight
concentration of PCBM in MDMO-PPV/PCBM blend films. The fraction is evaluated

from the spectral simulation shown in Figure 2-7.
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To verify the assumption that PCBM radical cation is formed in the blend films,
transient spectra observed for blend films with a higher PCBM concentration were
reproduced. In contrast to the spectrum at the low PCBM concentration, the spectrum at
68 wt% PCBM was irreproducible by a simple summation of each spectrum of
MDMO-PPV hole polaron and PCBM radical anion. Rather, as shown in Figure 2-7b, it
was well reproduced by a summation of each spectrum of MDMO-PPV hole polaron,
PCBM radical anion, and PCBM radical cation. Therefore, it is concluded that PCBM
radical cation is formed as a new charge carrier at the high PCBM concentrations.
Furthermore, the mole fraction of PCBM radical cation formed in the blend films can be
quantitatively evaluated on the basis of each molar absorption coefficient obtained in the
previous section. Figure 2-8 shows the dependence of the evaluated mole fraction of
PCBM radical cation in hole carriers on the PCBM concentration in blend films. At low
PCBM concentrations (<10 wt%), the mole fraction of PCBM radical cation was negligible,
which is indicative of the formation of MDMO-PPV hole polaron and PCBM radical anion
pairs alone. Above 30 wt% PCBM, on the other hand, it drastically increased to 60
mol % and gradually up to 80 mol% at 80 wt% PCBM. In other words, most holes
formed in blend films are located on PCBM molecules rather than MDMO-PPV chains.
This finding seems contradictory to the prevailing view that MDMO-PPV serves as a
hole-transporting material and PCBM as an electron-transporting material in blend films.
However, this is consistent with ambipolar transport reported for fullerene derivatives
including PCBM.”'!! " The field-effect hole mobility of PCBM is reported to be 8 x 10~
cm?® V7' s M which is much higher than the hole mobility of pristine MDMO-PPV (~
107 ecm? V7! s7)® but rather comparable to that of MDMO-PPV/PCBM blend films (~
107 cm? V7' s7H.B Thus, the finding can explain previous reports[g] that the hole

mobility in MDMO-PPV/PCBM blend films increased at higher PCBM concentrations
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(>50 wt%).

2.3.2. Mechanisms of PCBM Radical Cation Generation

Next, the author consider the formation mechanism of PCBM radical cation in
MDMO-PPV/PCBM blend films at higher PCBM concentrations (>30 wt%). As shown
in Figure 2-8, the mole fraction of PCBM radical cation sharply increased between 10 and
30 wt%. This turning point is in agreement with the theoretical percolation threshold of
~17 % by volume (corresponding to ~25 wt% PCBM) for random 3D network.'”
Furthermore, the abrupt increase is characteristic of the percolation probability. These
results suggest that the formation of PCBM radical cation is closely correlated with the
formation of the PCBM domain in the blend films. In other words, PCBM radical cation
is likely to be formed in the PCBM domain by the direct photoexcitation, as long-lived

[31]

charge carriers identified as spin 1/2 polarons (Cgo") in fullerene solid films. Previous

studies of Cﬁom’3 31 and PCBM solid films®***! have revealed enhanced absorption in the

B For the

visible region assigned to intermolecular charge transfer (CT) transitions.
PCBM pristine film, significantly greater absorption is observed in the visible region
compared with 12 wt% PCBM dispersed in PS film where PCBM is likely to be more

isolated."!

In other words, the absorption of PCBM is more enhanced in the visible
region than expected from the PCBM fraction because intermolecular CT transitions
appear along with the formation of the PCBM domain. Therefore, it is concluded that the
direct photoexcitation of PCBM is substantial for MDMO-PPV/PCBM blend films at
higher PCBM concentrations, resulting in the formation of PCBM radical cation and anion
pairs. However, the absorption of fullerene is not exceeds polymer absorption in

absorption coefficient even in PCBM rich film. This suggests energy transfer path from

other state (such as triplet exciton) might exist.
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Another mechanism for the formation of PCBM radical cation is hole transfer
from MDMO-PPV to the PCBM domain. On the basis of the reported ionization
potentials for the two materials (IP = 5.1 eV for MDMO-PPV and IP = 6.1 eV for
PCBM),”! the hole transfer from MDMO-PPV to PCBM should be energetically forbidden
because of the energy difference as large as 1 eV, which is consistent with the prevailing
view that MDMO-PPV and PCBM serve as a hole-transporting material and an
electron-transporting material, respectively, in the blend. Nelson and coworkers have
estimated the Gibbs free energy for the hole transfer to be AG = 0.5 — 0.7 eV considering
interfacial dipole and higher polarizability and larger density of states of PCBM in addition

to the simple energy difference of IPs.!

They concluded that the hole transfer from
MDMO-PPV to PCBM through a single charge transfer step was unlikely because their
simulation for time of flight measurements suggested that hole transport through PCBM
can dominate only for values of AG less than ~ (0.2 eV at room temperature. Instead they
tentatively explained the hole transport in the blend films as hopping between CT states at
the polymer/fullerene interface into which hole polarons generated in the MDMO-PPV
phase may be transferred. However, the transient results demonstrate the formation of
PCBM radical cation rather than such a new CT state, because the absorption spectrum of
the interfacial CT state (MDMO-PPV8+/PCBM8_) is expected to be similar to MDMO-PPV
hole polaron or PCBM radical anion rather than PCBM radical cation. Furthermore, no
absorption ascribable to the CT state was observed for MDMO-PPV/TCNE blend films.
The author therefore concludes that hole carriers in MDMO-PPV/PCBM blend films are
MDMO-PPV polaron and PCBM radical cation rather than the interfacial CT states.
Rather the interfacial CT states may be associated with the formation of PCBM radical

cation to reduce energy barrier for the hole transfer from MDMO-PPV to PCBM.

Furthermore, the effective energy difference may be smaller considering the relatively
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wide bandwidth reported for fullerene solid (~ 0.4 — 0.6 eV).[36’37] However, the author
has no clear evidence for such an unusual hole transfer. Further studies are needed to
address the formation mechanism of PCBM radical cation in MDMO-PPV/PCBM blend

films.

2.4. Conclusions

Photogenerated charge carriers in MDMO-PPV/PCBM blend films with a PCBM
concentration ranging from 0 to 80 wt% have studied by transient absorption spectroscopy.
To identify the charge carriers, the author measured transient absorption of each charge
carrier separately using various combinations of electron donor and acceptor materials.
MDMO-PPV hole polaron has a broad absorption at ~950 nm (15000 M~' cm™), PCBM
radical anion at 1020 nm (6000 M cm'l), and PCBM radical cation at 890 nm (9000 M
cm_l). The transient absorption spectrum of the blend film (<10 wt% PCBM) was
reproduced by a simple summation of the spectrum of MDMO-PPV hole polaron and
PCBM radical anion, suggesting that charge carriers in the blend are MDMO-PPV hole
polaron and PCBM radical anion alone. On the other hand, the transient absorption
spectrum (>30 wt% PCBM) was reproduced by a summation of each spectrum of
MDMO-PPV hole polaron, PCBM radical anion, and PCBM radical cation, suggesting that
charge carriers in the blend are not only MDMO-PPV hole polaron and PCBM radical
anion but also PCBM radical cation. Furthermore, it was confirmed that the transient
absorption of MDMO-PPV hole polaron and PCBM radical anion is independent of dopant
concentration. Thus, it was concluded that PCBM radical cation is formed as a hole
carrier in the blend films with PCBM at a high concentration. Possible mechanisms of
the formation of PCBM radical cation in the blend include the following: i) direct

photoexcitation of intermolecular CT transitions of PCBM pronounced at higher PCBM
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concentrations, resulting in the formation of PCBM radical cation and anion pairs at the
PCBM domain in the blend, and ii) hole transfer from MDMO-PPV to PCBM domain via
interfacial CT states. Further studies are required to resolve which mechanism is
dominant. This study provided a spectroscopic evidence for ambipolar transport of
PCBM in polymer—fullerene blend films, and provides a new strategy for designing of bulk

heterojunction solar cells.

2.5. Experimental

Preparation: Polymer/fullerene blend films were prepared on glass substrates by
spin-coating from a chlorobenzene solution of MDMO-PPV (Aldrich, M, = 95,000 g
mol_l) and PCBM (Frontier Carbon, >99%) at a spin rate of 1000 rpm under ambient
conditions. Film thickness was typically 150 — 200 nm. The weight fraction of PCBM
was varied from 5 to 80 wt%. The blend solution was stirred at 35 °C overnight to be
dissolved homogeneously. Before the spin-coating, the glass substrates were cleaned by
ultrasonic treatment in toluene, acetone, and ethanol sequentially for 15 min each and then
with a UV-ozone cleaner (Nippon Laser & Electronics Lab., UV253) for 1 h. For blend
films of MDMO-PPV and TCNE (Aldrich, >98%), cyclohexanone was used as a solvent
instead of chlorobenzene. The blend solution was stirred at 50 °C for 5 h. The weight
fraction of TCNE was adjusted to 5 and 50 wt % in the final films. For blend films of PS
(Aldrich, M, = 280,000 g mol'l) doped with PCBM and TMPD (Wako, >98%),
chlorobenzene was used as a solvent. The PS was purified by reprecipitation from
toluene solution into methanol three times. The blend solution was stirred at room
temperature overnight. The weight ratio in the blend films was adjusted to PS : PCBM :
TMPD =5:3:2 B0 wt% PCBM) or 2 : 6: 2 (60 wt% PCBM). For a blend solution of

PCBM and TCNE, benzonitrile was used as a solvent. The molar concentration of PCBM
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and TCNE was 0.2 mM and 1.5 mM, respectively.

Measurements: Transient absorption data were collected under Ar atmosphere with a
highly sensitive microsecond transient absorption system and with a femtosecond transient
absorption system as described below. The sample films were sealed in a quartz cuvette
purged with Ar for 30 min. The sample solution in a quartz cell was deaerated by Ar
bubbling for 30 min. For the microsecond transient absorption measurement, the sample
was excited with a light pulse (500 nm, 30 WJ cm™, 4 Hz) from a dye laser (Photon
Technology International, GL-301) that was pumped with a nitrogen laser (Photon
Technology International, GL-3300), and probed with a monochromatic light from a 50-W
quartz tungsten halogen lamp (Thermo-ORIEL, Model 66997) with a light intensity
controller (Thermo-ORIEL, Model 66950), which was equipped with appropriate optical
cut-filters and two monochromators (Ritsu, MC-10N) before and after the sample to reduce
stray light, scattered light, and emission from the sample. The probe light was detected
with a pre-amplified Si photodiode (Costronics Electronics). The detected signal was
sent to the main amplification system with an electronic band-pass filter (Costronics
Electronics) to improve the noise-to-signal ratio. The amplified signal was collected with
a digital oscilloscope (Tektronix, TDS2022), which was synchronized with a trigger signal
of the laser pulse from a photodiode (Thorlabs, DET10A). The detectable absorbance
change AOD is as small as ~ 107 — 107°° depending on the measuring time domain. The
femtosecond transient absorption data were collected with a pump and probe transient
absorption spectroscopy system (Ultrafast Systems, Helios). The pump light was second
harmonic pulses (400 nm, 64 pJ cm_z, fwhm 100 fs, 500 Hz) from a regeneratively
amplified Ti-sapphire laser (Spectra-Physics, Hurricane). The probe beam was detected
with a linear CCD array (Ocean Optics, S2000) for the visible wavelength range from 400

to 900 nm and with a digital line scan InGaAs camera (Sensors, SU-LDV) for the near-IR
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wavelength range from 850 to 1600 nm. The typical noise level of this system is lower

than 2 x 107,
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Chapter 3

Formation Mechanism of Fullerene Cation in Bulk Heterojunction

Polymer Solar Cells

3.1. Introduction
In polymer/fullerene solar cells, semiconducting conjugated polymers and
fullerene derivatives are generally considered to serve as a hole-transporting and

electron-transporting materials, respectively.''

Indeed, organic semiconductors with a
shallow ionization potential tend to be p-type semiconductors and organic semiconductors
with a deep ionization potential tend to be N-type semiconductors. On the other hand,
ambipolar transport properties have been recently reported for not a few materials
including fullerenes, pentacene, and conjugated polymers in the field effect transistor

(FET) devices with appropriate electrodes and gate dielectrics.>™

These reports indicate
that organic semiconducting materials are inherently capable to be ambipolar.”!

Recently, there have been several studies indicative of ambipolar charge transport
of fullerene derivatives even in polymer/fullerene blends. For blend films of
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), the hole mobility increases as the
increase in the PCBM fraction. The hole mobility of MDMO-PPV/PCBM blend films (2
—3x 107 em? V7' sTHHOM g at least two orders of magnitude lager than that of a pristine
MDMO-PPV film (0.3 — 2 x 107 cm? V™! s7H),1%" put rather comparable to the FET hole

mobility of PCBM (8 x 107 cm® V' M For blend films of

poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5",8’-di-2-thienyl-(2’,3’-bis-(3"’-octyloxyphenyl)-
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quinoxaline))] (APFO-15) and PCBM, the electroluminescence of PCBM emission has

been observed in addition to that of charge transfer (CT) emission.!"”!

These findings
suggest hole transport in the fullerene phase in polymer/fullerene blends. Previously, the
author found the formation of fullerene radical cation in MDMO-PPV/PCBM blend films
by transient absorption measurements: no PCBM radical cation is observed at low PCBM
concentrations while PCBM radical cation is observed in addition to PCBM radical anion

at high PCBM concentrations."”

This is consistent with previous reports that the hole
mobility in MDMO-PPV/PCBM blend films increases at higher PCBM concentrations

(>50 wt%).“” However, little is known about the formation mechanism of fullerene

radical cation in polymer/fullerene blends.
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Figure 3-1. Chemical structures of conjugated polymers and a fullerene employed in this
study: a) PCPDTBT, b) N-P7, c) MDMO-PPV, and d) PCBM. e) The energy diagrams of

these materials. The HOMO energy is measured by the photoelectron yield spectroscopy.
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Herein, the author systematically studies the charge carriers formed in blend films
of PCBM and conjugated polymers with different ionization potentials in order to address
the formation mechanism of fullerene cation in polymer/fullerene blends. Figure 3-1
shows conjugated polymers employed in this study:
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT) and poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5’,8’-di-2-
thienyl-2’,3’-diphenylquinoxaline)] (N-P7). PCPDTBT and N-P7 have smaller or similar
ionization potential (I, = 5.1 — 5.3 eV eV for PCPDTBT'* and 5.37 eV for N-P7'"")
compared to MDMO-PPV. (I, = 5.3 eV!'®Y. Furthermore, polymer solar cells with them
exhibit the optimized power conversion efficiency (~5.5%) at high weight fractions of
fullerene (1 : 2 or 1 : 3),'""'® as is the case of MDMO-PPV/PCBM (1 : 4)."”) The time
evolution of PCBM radical cation formation is analyzed on the basis of the absorption
coefficients of polymer polarons, PCBM radical anion, and PCBM radical cation. The
formation time is dependent on polymer ionization potential and phase-separated domain
size. The final fraction of PCBM radical cation F.q is dependent on the polymer
ionization but independent of the phase-separated domain size and the excitation
wavelength. Furthermore, F.q is calculated by the Monte Carlo simulation for hole
injection from polymer to fullerene domains. The mechanism and energetic conditions of

the formation of PCBM radical cation in polymer/PCBM blend films were discussed.
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3.2. Results

3.2.1. Transient Absorption

AOD (a.u.)

Q

600 800 1000 1200 1400

Wavelength / nm
Figure 3-2. Transient absorption spectra of blend films: a) PCPDTBT/TCNB (95:5 w/w),
b) PCPDTBT/TCNB (70 : 30 w/w), ¢c) N-P7/TCNB (95 : 5 w/w), and d) N-P7/TCNB (70 :
30 w/w). The solid lines and open circles show the spectra measured at 3 ns and 0.5 ps

after the laser excitation, respectively.

To assign the absorption spectrum of PCPDTBT and N-P7 hole polarons, transient
absorption spectra of polymer films doped with tetracyanobenzene (TCNB) were
measured: TCNB is a strong electron acceptor (E;(TCNB/TCNB) = -0.6 V vs SCE[ZO])
similar to Cgg (Ej2(Cgo /Cep) = —0.3 — —0.4 V vs SCE[ZI]). No fluorescence was observed

for the TCNB blended films, indicating that TCNB efficiently acts as an electron acceptor
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in the blend films. Figures 3-2a and 3-2b show the transient absorption spectra of
PCPDTBT/TCNB blend films with 5 and 30 wt% TCNB in the microsecond time region,
which are almost the same as those in the nanosecond time region. A broad absorption
was observed at ~1240 nm for both blend films with 5 wt% and 30 wt% TCNB. This
absorption was not quenched in an oxygen atmosphere, and hence not ascribable to triplet
exciton. Note that TCNB radical anion has no absorption band in this wavelength

[20]

region. Therefore, the absorption band at 1240 nm is safely assigned to the absorption

of PCPDTBT hole polaron, which is consistent with previous reports.***!

Figures 3-2c
and 3-2d show the transient absorption spectra of N-P7/TCNB blend films with 5 and 30
wt% TCNB in the microsecond time region, which are also almost the same as those in the
nanosecond time region. The broad absorption band at ~850 nm is similarly ascribed to
N-P7 hole polaron. In summary, the absorption spectra of both PCPDTBT and N-P7 hole
polarons are independent of time and the dopant concentration.

Figure 3-3 shows the transient absorption spectra of PCPDTBT/PCBM and
NP-7/PCBM blend films (5 and 50 wt% of PCBM) excited at 400 nm. The absorption
spectra were normalized at 1240 nm for PCPDTBT/PCBM and at 700 nm for N-P7/PCBM
blends where only polymer hole polarons have an absorption band (see the Appendix).
For the blend films with 5 wt% PCBM, no spectral change was observed in this time
region, suggesting no change in the charge carrier composition. For the blend with 50
wt% PCBM, on the other hand, distinct spectral changes were observed for blend films: the
absorption at around 1000 nm increased for PCPDTBT/PCBM and the absorption at
around 900 nm increased for N-P7/PCBM. The same results were obtained upon the
selective excitation of polymers: PCPDTBT at 800 nm and N-P7 at 570 nm. In other

words, these temporal changes in the absorption spectra are independent of the excitation

wavelength. The absorption increase at 1000 nm in PCPDTBT/PCBM blend is
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AOD (a.u.)

§00 800 1000 1200

Wavelength / nm
Figure 3-3. Transient absorption spectra of blend films excited at 400 nm with a fluence
of 30 wJ cm™: a) PCPDTBT/PCBM (95 : 5 w/w), b) PCPDTBT/PCBM (50 : 50 w/w), c)
N-P7/PCBM (95 : 5 w/w), and d) N-P7/PCBM (50 : 50 w/w). In the panels a) and b), the
solid, dashed-dotted, and broken lines show the spectra at 0.5, 2, and 5 ps, respectively.
In the panels c) and d), the solid, dashed-dotted, and broken lines show the spectra at 1, 3,

and 500 ns, respectively.

indicative of the increase in the fraction of the PCBM radical anion because PCBM radical

131 Ag described below, the relative

anion has a characteristic absorption at 1020 nm.
increase in the fraction of the PCBM radical anion is due to the decrease in the fraction of

PCPDTBT hole polaron caused by the formation of PCBM radical cation. On the other

hand, the absorption increase at 900 nm in N-P7/PCBM blends is indicative of the increase
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in the fraction of the PCBM radical cation because PCBM radical cation has a

[13]

characteristic absorption at 890 nm. In summary, both findings suggest hole injection

from polymer to PCBM in blend films with high PCBM fractions as is discussed below.

700800 900 1000 1100
Wavelength / nm
Figure 3-4. Transient absorption spectra of blend films (open circles) at 1 us after the
laser excitation at 400 nm with a fluence of 30 W cm™: a) PCPDTBT/PCBM (95 : 5 w/w),
b) PCPDTBT/PCBM (50 : 50 w/w), ¢c) N-P7/PCBM (95 : 5 w/w), and d) N-P7/PCBM
(50 : 50 w/w). Solid lines represent the absorption spectra simulated by a sum of each
absorption spectrum of charge carriers: polymer® (dashed-dotted lines), PCBM™ (broken

lines), and PCBM" (dotted lines). The mole fraction of each spectrum is as follows: a)

polymer" : PCBM" : PCBM™ =0.5:0:0.5,b)0.35:0.15:0.5,¢)0.5:0:0.5,b) 0.3:0.2:
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0.5.

In order to analyze the temporal change in the absorption spectra quantitatively,
the author resolved the transient absorption spectra by using each spectrum of polymer
hole polarons, PCBM radical anion, and PCBM radical cation. For blend films with 5
wt% PCBM, as shown in Figures 3-4a and 3-4c, the observed spectra were well
reproduced by the sum of the absorption spectra of polymer hole polaron and PCBM
radical anion. Therefore, it is concluded that hole polaron and PCBM radical anion are
formed as charge carriers in the blend films with 5 wt% PCBM. From the spectral
simulation, the molar absorption coefficient of polymer hole polarons are estimated to be
epceprer = 40000 M~ cm™" at 1240 nm and ex.pr” = 40000 M™' at 850 nm on the basis of

that of PCBM radical anion epcgy = 6000 M~ ecm™! at 890 nm. ¥

This is larger than that
of MDMO-PPV hole polaron (empmo-ppy’ = 15000 M cm'l), but rather comparable to that
of polythiophene (¢ = 34000 M~" cm™).1"324!

For blend films with 50 wt% PCBM, on the other hand, the transient spectra
changed with time as shown in Figure 3-3. There are two possible explanations for the
spectral change in polymer/PCBM blend films: (i) the absorption spectrum of charge
carriers (polymer hole polarons and/or PCBM radical anions) is dependent on the PCBM
concentration and (ii) the charge carrier composition is dependent on the PCBM
concentration. As mentioned above, the absorption spectra of polymer hole polarons are
independent on the dopant concentration.  Furthermore, the previous study has
demonstrated that the absorption spectrum of PCBM radical anion is also essentially

independent of the PCBM concentration.'"”!

Therefore, it is assigned that another charge
carrier is formed in blend films at high PCBM concentrations. To explain the spectral

change, the author consider PCBM radical cation as the most possible carrier formed in

blends at high PCBM concentrations. In contrast to the blend films with 5 wt% PCBM,
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the absorption spectra of the blend films with 50 wt% of PCBM were not reproducible by
the sum of each spectrum of polymer hole polaron and PCBM radical anion. Rather, as
shown in Figures 3-4b and 3-4d, the whole spectra observed at 1 ps were well reproduced
by the sum of each spectrum of polymer hole polaron, PCBM radical anion, and PCBM
radical cation. Thereafter, no spectral change was observed, suggesting that
thermodynamic equilibrium is established. The author therefore conclude that PCBM
radical cation is formed with time in the blend films with 50 wt% PCBM. On the basis of
the molar absorption coefficient of each carrier, the equilibrium fraction of PCBM radical
cation formed in the blend films can be quantitatively evaluated to be Foq = 0.3 for

PCPDTBT and Fq = 0.6 for N-P7 blend films at 1 ps.

(o)
(e}
T
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(@]
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Figure 3-5. The mole fraction of PCBM" to the total hole carriers in blend films plotted
against the delay time after pulse laser excitation: PCPDTBT/PCBM fabricated without
DIO (circles), PCPDTBT/PCBM fabricated with DIO (squares), and N-P7/PCBM

(triangles).

The spectral changes before the thermodynamic equilibrium were well reproduced

by the sum of each spectrum of polymer hole polaron, PCBM radical anion, and PCBM
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radical cation with different fractions. Figure 3-5 shows the time dependence of the
fraction F(t) of PCBM radical cation in the blend films. The time evolution of F(t) was
well fitted with a exponential function: F(t) = a[l—exp(—t/r)]. As a result, the time
constant of the PCBM radical cation formation is estimated to be 7 = 450 ns for
PCPDTBT/PCBM and 7 = 15 ns for N-P7/PCBM blend films. These rise constants are in
good agreement with the decay constants of polymer hole polarons, suggesting that PCBM
radical cations are formed from polymer hole polarons.

The hole injection from polymer to PCBM domains should be dependent on
phase-separated domain size. The author therefore analyzed the formation time of PCBM
cations in PCPDTBT/PCBM blend films fabricated with 1,8-diiodooctane (DIO) as an
additive for the spincast solution. The averaged domain size was evaluated to be 59 nm
by AFM measurements that are larger than 31 nm evaluated for PCPDTBT/PCBM blend
films fabricated without DIO (see the Appendix). This additive effect is consistent with

previous reports.mfm

It is noted that each phase-separated polymer domain observed by
AFM is not pure but contains PCBM molecules because polymer fluorescence is highly
quenched for both films. It is also noted that the additive has no impact on the HOMO
level of PCPDTBT in the blend. As shown in the open squares in Figure 3-5, the
formation time of PCBM radical cation is ~2 ps, which is slower than that observed for
PCPDTBT/PCBM blend films fabricated without DIO. The final fraction of PCBM
radical cation is F¢q = 0.3, which is the same as that observed for the blend films fabricated

without DIO. These results also suggest the hole injection from polymer to PCBM

domains.

3.2.2 Monte Carlo Simulation

To address the origin of the hole injection from polymer to PCBM domains, the
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author simulated hole hopping in a semi-infinite donor/acceptor planar heterojunction by

the Monte Carlo analysis. The calculation is based on the Miller—Abraham model for

1 [28,29]

hopping in a disordered materia In this model, the hopping probability P from site

I to site | is given by

vy
P, = (3-1)
Vi
|
—AE;
—7" | for AE, >0
Vi (AE;) = exp{ Kg T ] or 25 (3-2)
1 for AE;, <0

where AE; is the energy difference between site i and |, kg is the Boltzmann constant, and
T is temperature. All the site energy is generated randomly on the basis of the following

Gaussian distribution function D(E)BO]

DX(E) =

_(E-EY } 33)

d,
where Ex” is the HOMO energy level of the domain X, dx is the degeneracy in the HOMO
levels of the domain X, ox is the width of the energetic Gaussian distribution of the HOMO
levels for the domain X, and the subscripts of D and A stand for donor and acceptor,
respectively.  The HOMO energy E)* is evaluated by the photoelectron yield
spectroscopy. Here, the author set dy = 5 for PCBM, which has fivefold degeneracy in
the HOMO levels,[m and dp = da = 1 for polymers. The width ox is taken from previous
studies. For most conjugated polymer films, the width due to energetic disorders has

y 1327401 Thus, the author set op = oa = 0.1 eV for

been reported to be around 0.1 e
polymers as a typical value. For fullerene and its derivatives, the band width (full width
half mean) has been reported to range from 0.8 to 1.1 eV 14148l Thus, the author set oa =

0.4 eV for PCBM as a minimum value. In the simulation, a hole is generated at the

nearest neighbor site at the heterojunction. The hole is iteratively hopping in a simple
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cubic lattice: it moves from a site i to an adjacent site | with a probability of Pjj or stays at
the original site with a probability of P;i. It is determined whether the hole finally stays at
the donor or acceptor domain. This calculation is independently performed for 3000
holes. As a result, the equilibrium fractions F.; of holes in the acceptor domain is

obtained as a function of AEgomo.

AEHOMO /eV

Figure 3-6. The calculated equilibrium fraction of PCBM radical cation F., plotted
against AEgomo: polymer/fullerene blends with a high fullerene density with op = 0.1 €V,
orn =04 eV, dp =1, dy = 5 (solid line and circles), polymer/fullerene blends at a low
fullerene density with op = oo = 0.1 eV, dp = 1, ds = 5 (dotted line and triangles), and
polymer/polymer blends with op = o4 = 0.1 eV, dp = da = 1 (broken line and squares),.

The inset shows the conceptual energy diagram of the HOMO levels.

Figure 3-6 shows the simulation results with the typical parameters of
polymer/fullerene (op = 0.1 eV and g = 0.4 €V) and polymer/polymer (op = oa = 0.1 eV)
heterojunctions. For polymer/fullerene blend films, Fq is as high as >0.9 for AEgomo <
0.3 eV, steeply decreases at around AEgomo = 0.5 eV, and then is as small as <0.1 for

AEnomo > 0.7 V.  For polymer/polymer blend films, on the other hand, F., is ~0.5 for
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AEgomo = 0 eV, but steeply decreases, and then is negligibly small for AEgomo > 0.1 eV.
This result shows that the distribution width has critical impact on the hole injection from
polymer to fullerene domains. The author will discuss the energetic conditions for holes

injection into acceptor domains.

3.3. Discussion
3.3.1. Formation Mechanism of PCBM Cation

In the previous study, the author proposed two possible mechanisms for the
formation of the PCBM radical cation in blend films. One is the formation of the PCBM
radical cation and anion pairs at the PCBM domain in the blend, which would be caused by
the direct or indirect photoexcitation of intermolecular CT transitions of PCBM. The
other is the formation of the PCBM radical cation by hole injection from hole polarons in
polymer domains. If the former mechanism were dominant, the PCBM radical cation
should be observed immediately after the laser excitation and some of them would rapidly
decay because of the geminate recombination. As shown in Figure 3-3, this is not the
case. In reality, no PCBM radical cation is observed on a time scale of nanoseconds, but
the fraction of PCBM radical cation rather increases with time in parallel with the fraction
of polymer polarons decreases with the same time constant. Furthermore, if the former
mechanism were dominant, the final fraction of the PCBM radical cation should be
dependent on the excitation wavelength. This is also not the case as described above.
These transient results strongly suggest the hole injection from polymer to PCBM domains.
If the latter mechanism is dominant, the hole injection time should be dependent on the
domain size. Indeed, the author observed the different formation dynamics of PCBM
radical cation in PCPDTBT/PCBM blend films with different phase-separated domain

sizes: PCBM radical cation is generated faster (450 ns) in smaller domains (31 nm) but
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slower (2 ps) in larger domains (59 nm). If the hole mobility s, = 107~ cm?® V™' 57! is

27,49,50
assumed,[ 49.501

the diffusion constant of the hole carrier is calculated by the Einstein’s
relationship D = (kgT/q)u where ( is the elementary charge. Thus, we can estimate the
3D diffusion length <x*>"? = (6Dt)"”* = 25 nm for 450 ns and 55 nm for 2 ps, which is in
good agreement with the domain size observed. On the basis of these findings, it is

therefore concluded that PCBM radical cation is formed mainly by the hole injection from

polymer polarons in polymer domains.

3.3.2. Energetic Conditions

Next, the author discuss the energetic conditions for the hole injection to acceptor
domains even in polymer/fullerene blend films. As shown in Figure 3-1, the HOMO
levels of all the conjugated polymers studied are higher than that of PCBM. In other
words, hole carriers should be energetically more stable in conjugated polymers than in
PCBM molecules in terms of the simple energetic scheme. Thus, it is necessary to
consider energetic distribution in the HOMO levels or energetic realignment at the
interface in order to explain the hole injection from polymer to PCBM domains. As
mentioned above, most organic semiconductors exhibit energetic disorder in the range of

0.1 eV for charge transport,BMO]

However, as shown by the broken line in Figure 3-6,
Feq is negligible for the parameters (op = oa = 0.1 eV, dp = da = 1), suggesting no hole
injection from donor to acceptor domains. These parameters are typical for most
polymer/polymer blends. In other words, the hole injection from donor to acceptor would
be negligible for polymer/polymer blend films. On the other hand, as mentioned above,
fullerene derivatives have fivefold degenerated HOMO levels (da = 5). As shown by the
dotted line in Figure 3-6 (op = oA = 0.1 eV, dp = 1, ds = 5), Feq is still negligible for

AEgomo > 0.2 eV. These parameters correspond to polymer/fullerene blends at low
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fullerene fractions because energetic distribution of isolated fullerenes would be dependent
on the energetic disorder of the polymer matrix. Indeed, no hole injection from polymer
to PCBM domains is observed for the blends at low PCBM fractions (<30 wt%). Ata
higher PCBM concentration, PCBM molecules are likely to form aggregated clusters or
nanocrystals. As reported previously,”'! the intermolecular CT absorption band at 500
nm becomes prominent at high PCBM concentrations, suggesting substantial
intermolecular interaction in the ground state. Large intermolecular interactions generally
cause crystallization, resulting in band structures in the electronic state. For Cgg crystals,
there are many studies on the band structure. The band width of the valence band has
been estimated to be 0.8 to 1.2 eV by the photoemission spectra.[“%] For PCBM, a
recent calculation suggests that the simple cubic structure is the most stable and causes a
broadening of the energy levels resulting from the overlap of neighboring PCBM orbital

due to the compact packing.”

As shown by the solid line in Figure 3-6 (op = 0.1 €V, ga
=04eV,dp =1, ds =5), Feq is as large as 0.8 for AEgomo < 0.4 eV, start to decrease at
around AEgomo = 0.5 eV, and negligible for AEgomo > 0.8 eV. This is qualitatively
consistent with F., obtained from the transient measurements. Therefore, it is concluded
that the hole injection from polymer to PCBM domains is primarily due to the large band
width of PCBM nanocrystals and secondarily due to the fivefold degeneracy in the HOMO
levels of PCBM.

Finally the author note the energy difference A between AEpomo and E.’ - Ep.
As shown in Figure 3-7, AExgomo corresponding to the observed Fq is different from EAO -
EDO. The difference is A = 0.37 eV for PCPDTBT/PCBM, A = 0.17 eV for N-P7/PCBM,
and A = 0.20 eV for MDMO-PPV/PCBM. This is probably because other important

factors are neglected in this simple simulation. For example, interfacial dipoles at the

heterojunction have been reported to cause 0.2 — 0.6 eV of vacuum level shift.”>**  Such
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interfacial dipoles have been found for many polymer/fullerene blend films: 0.4 eV for
P3HT/PCBM,[55] 0.6 eV for P3HT/C60,[56] and 0.25 eV for PPV oligomer/C60.[57] These
values are in range of estimated A as mentioned above. Therefore, it is thought that the

most of part in A can be explained by the vacuum level shift.
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Figure 3-7. F., obtained from the transient study plotted against the ionization potential
I, of conjugated polymer: MDMO-PPV/PCBM (circle), N-P7/PCBM (triangle),

PCPDTBT/PCBM (square), and P3BHT/PCBM (diamond) blends.

3.4. Conclusions

The formation dynamics of PCBM radical cation in polymer/PCBM blends was
studied by transient absorption measurements. As a result, the author obtained the key
findings as follows. At an early time stage after the photoexcitation, polymer hole
polaron and PCBM radical anion were observed but no PCBM radical cation was found.
On a time scale of nanoseconds, the fraction of PCBM radical cation increased with time
while the fraction of polymer hole polaron decreased with the same time constant.
Finally, the fraction of PCBM radical cation became constant on a time scale of

microseconds, suggesting that thermodynamic equilibrium is established. The formation
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time of PCBM radical cation is dependent on the phase-separated domain sizes: the slower
formation of PCBM radical cation was observed for the larger domains. The final
fraction of PCBM radical cation F.q is dependent on the ionization potential of donor
polymers but independent of the domain size and the excitation wavelength: F.q = 30% for
PCPDTBT/PCBM and F.q= 60% for N-P7/PCBM blends. It is therefore concluded that
PCBM radical cation is generated mainly by the hole injection from polymer to PCBM
domains in polymer/PCBM blends. In order to discuss the energetic conditions for the
hole injection to acceptor in donor/acceptor blends, hole hopping at donor/acceptor
heterojunction was simulated by the Monte Carlo analysis based on the Miller—Abraham
model. In this simulation, the author considers the energetic distribution and the
degeneracy in the HOMO levels. As a result, the hole injection would be negligible for
polymer/polymer blends because the energetic distribution is as small as 0.1 eV and the
degeneracy is typically unity. Even for polymer/PCBM with the fivefold degeneracy in
the HOMO of PCBM, the hole injection would be negligible for lower PCBM fractions
because of the small energetic distribution. In contrast, the hole injection is energetically
favorable for higher PCBM fractions because of the large band width due to the formation
of aggregated PCBM nanocrystals and the fivefold degeneracy in the HOMO levels of
PCBM. This is consistent with the final fraction obtained from the transient study. It is
therefore concluded that the hole injection from polymer to PCBM domains is primarily
due to the large band width of PCBM nanocrystals and secondarily due to the fivefold
degeneracy in the HOMO levels of PCBM. The author believes that such conditions
would be true for other polymer/fullerene solar cells in particular employing polymers with

deeper HOMO levels.
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3.5. Experimental

Materials: Chemical regents for PCPDTBT synthesis were used without further
purification: 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (Aldrich, 95%),
2,6-dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’ |dithiophene (Luminescence
Technology Corp.), potassium carbonate (Aldrich, 99.995%), Aliquat(R)336 (Aldrich,
99.995%), toluene (Wako, Organic synthesis grade),
tetrakis(triphenylphosphine)palladium(0) (Aldrich, 99%), bromobenzene (Aldrich,
>99.5%), and phenylboroic acid (Aldrich, >97.0%). Details of the synthesis of
PCPDTBT are described in the Appendix. The other polymer N-P7 was provided by
Toray Industries, Inc. The acceptor PCBM (99.9%) was purchased from Frontier Carbon
and used without further purification. The other acceptor TCNB (98%) was purchased
from Tokyo Chemical Industry Co., Ltd and recrystallized from ethanol prior to the

experiment.

Sample Fabrication: Polymer/fullerene blend films were prepared on glass substrates by
spin-coating from a chlorobenzene solution of polymer and PCBM at a spin rate of 1000
rpm after the spin rate of 400 rpm (10 s) under ambient conditions. The film thickness
was typically 200 nm. The weight fraction of PCBM was varied from 5 to 80 wt%. The
blend solution was stirred at 40 °C overnight to be dissolved homogeneously. Before the
spin-coating, the glass substrates were cleaned by ultrasonic treatment in toluene, acetone,
and ethanol sequentially for 15 min each, and then with a UV-ozone cleaner (Nippon
Laser & Electronics Lab., UV253) for 1 h. For blend films of polymer and TCNB,
tetrahydrofuran (for PCPDTBT) or cyclohexanone (for N-P7) was used as solvent instead
of chlorobenzene. The blend solution was stirred at room temperature over night. The
weight fraction of TCNB was adjusted to 5 and 30 wt% in the final films.

Measurements. Transient absorption data were collected under N, atmosphere with a
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highly sensitive a nano/microsecond transient absorption system and with a femtosecond
transient absorption system as described below. For the microsecond transient absorption
measurement, the sample was excited with a light pulse (400 nm, 30 pJ cm™, 4 Hz) from a
dye laser (Photon Technology International, GL-301) that was pumped with a nitrogen
laser (Photon Technology International, GL-3300), and probed with a monochromatic light
from a 50-W quartz tungsten halogen lamp (Thermo—ORIEL, Model 66997) with a light
intensity controller (Thermo—ORIEL, Model 66950), which was equipped with appropriate
optical cut-filters and two monochromators (Ritsu, MC-10N) before and after the sample
to reduce stray light, scattered light, and emission from the sample. The probe light was
detected with a pre-amplified Si photodiode (Costronics Electronics) for the visible
wavelength range from 700 to 1100 nm or a pre-amplified InGaAs photodiode (Newport
1811) for the near-IR wavelength range from 900 to 1500 nm. The detected signal was
sent to the main amplification system with electronic band-pass filters (Costronics
Electronics) to improve the noise-to-signal ratio. The amplified signal was collected with
a 200-MHz digital oscilloscope (Tektronix, TDS2022), which was synchronized with a
trigger signal of the laser pulse from a photodiode (Thorlabs, DET10A). The detectable
absorbance change AOD is as small as ~10™> — 107° depending on the measuring time
region. For the nanosecond time region, the optical line was the same as the microsecond
spectrometer mentioned above. The probe light was detected with a pre-amplified Si
photodiode (Newport, 1801) for visible region or a pre-amplified InGaAs photodiode
(Newport, 1811) for the near-IR region. The detected signal was amplified with a voltage
amplifier (Femto, DHPVA-200) and collected with a 500-MHz digital oscilloscope
(Tektronix, TDS3022). The femtosecond transient absorption data were collected with a
pump and probe transient absorption spectroscopy system (Ultrafast Systems, Helios).

The pump light was second harmonic pulses (400 nm, 30 wJ cm™, fwhm 100 fs, 1 kHz)
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from a regeneratively amplified Ti-sapphire laser (Spectra-Physics, Hurricane). The
probe beam was detected with a linear CMOS array (Ultrafast Systems, SPEC-VIS) for the
visible wavelength range from 400 to 900 nm and with an InGaAs linear diode array
(Ultrafast Systems, SPEC-NIR) for the near-IR wavelength range from 850 to 1600 nm.

The typical noise level of this system is lower than 2 x 107,

3.6. Appendix

3.6.1. Synthetic Scheme

(PhsP):Pd

N'S‘N K2CO3
\N/ Aliquat336
Br s s Br + o” ~o Toluene/Water=4:3 g,
80°C, 3days
(PhsP)sPd
KoCO3
Aliquat336

80°C, 6 hrs 80°C, 24 hrs

Figure3-Al. Synthetic scheme of PCPDTBT.

According to the procedures reported in the previous reports,[Al'M] PCPDTBT
was synthesized by the Suzuki—Miyaura coupling reaction.'*”!
2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (115.87mg, 0.300 mmol) and
tetrakis(triphenylphosphine)palladium(0) (6.33 mg, 5.47 pumol, 1.8 mol%) were placed in a
two-necked recovery flask and purged with Ar gas. Subsequently, 6 mL of Ar-bubbled
toluene dissolved with 2,6-dibromo-4,4-bis(2-ethylhexyl)-4H-

cyclopenta[2,1-b:3,4-b'|dithiophene (173.07 mg, 0.309 mmol), 4.5 mL of Ar-bubbled
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water dissolved with potassium carbonate (844.34 mg, 6.10 mmol), and two drops of
Aliquat336 were poured into the flask. The solution in the flask was again bubbled with
Ar gas for 30 min, and then was stirred for 3 days at 80 °C. To the solution Ar-bubbled
bromobenzene (53.36 mg, 0.340 mmol) and 2 mL of Ar-bubbled toluene solution of
phenylboroic acid (38.60 mg, 0.3176 mmol) were added every 6 h, which was stirred again
over night. The solution was subsequently poured into a mixture of 3 mL of 2 M
hydrochloric acid and 300 mL of methanol and stirred over night. The residue collected
by filtering was dissolved in toluene, and reprecipitated in water/methanol. The crude
product was purified by soxlet extraction with acetone for 6 h. A total of 75.37 mg (yield
=26%) of PCPDTBT was obtained as pure product. The molecular weight was estimated
by GPC measurement with tetrahydrofuran as an eluent on the basis of polystyrene
standard: M, = 12,380, M,, = 21,580, M,/M, = 1.74. 'H-NMR (CD,Cl,, 400 MHz): &

(ppm) 8.14 (s, 2H), 7.86 (s, 2H), 2.07 (s, 4H), 1.02 (m, 20H), 0.68 (m, 12H).

3.6.2. Absorption Spectra of Charge Carriers
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o
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Figure 3-A2. Molar absorption coefficient spectra of PCPDTBT hole polaron (solid line)
N-P7 hole polaron (broken line), PCBM anion (dashed-dotted line), and PCBM cation

(dotted line).
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3.6.3. lonization Potentials of Materials
Figure 3-A3 shows the photoelectron yield spectra of PCBM, PCPDTBT, N-P7,
and MDMO-PPV neat films. The threshold energy was estimated from the cut-off in

cubic root of the photoelectron yield plotted against the incident photon energy.

Energy / eV

Figure 3-A3. Plots of the cubic root of the photoelectron yield of (a) PCBM, (b)

PCPDTBT, (c) N-P7, and (d) MDMO-PPV.
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3.6.4. Transient Absorption Spectra of PCPDTBT/PCBM

800 1000 1200 1400
Wavelength / nm

Figure 3-A4. Transient absorption spectra of PCPDTBT/PCBM blend films with
different PCBM fractions: a) 5, b) 30 ¢) 50 wt% of PCBM. The delay times are 0.5, 1, 2,

5 us after the laser excitation at 400 nm with a fluence of 30 pJ cm 2.

3.6.5. Domain Size Estimation

Figure 3-A5. The AFM topographic image measured by dynamic mode of
PCPDTBT/PCBM blend films (50:50 w/w) without (a) and with (b) 1,8-diiodooctane.

These films were washed by 1,8-octanedithiol to remove PCBM. The scale bars

correspond to 100 nm in length.
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From the AFM images, the major and minor axis length (X and Y, respectively) for
each domain were estimated by ellipsoid fittings. Figure 3-A6 shows the histograms of
12

domain sizes using (xX*+y?)"2.  From these histograms, the domain sizes are estimated by

Gaussian fittings.

Normalized number

0 50 100
Domain Size / nm

Figure 3-A6. Histograms of domain size estimated from AFM images of
PCPDTBT/PCBM blend films (50:50 w/w) without (¢) and with (d) 1,8-diiodooctane.
The gray dash lines show Gaussian fittings for each histogram. The domain sizes are
estimated by the mean square of major and minor axis of domain which was obtained by

ellipsoid fittings.
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Chapter 4

Molecular Understanding of the Open-Circuit Voltage of

Polymer:Fullerene Solar Cells

4.1. Introduction

The power conversion efficiency (PCE) of bulk heterojunction organic solar cells
based on conjugated polymer and fullerene derivatives has been steadily improved during

the last decade. Recently, PCE in excess of 8% has been reported.!'

In general, there
are two strategies for improving the device performance: one is to increase the short-circuit
current density (Jsc) and the other is to increase the open-circuit voltage (Voc). The
maximum photocurrent is primarily limited by the number of photons absorbed by the
solar cells. In other words, Jsc can be improved by using materials that have wider
absorption bands to collect more photons from the solar light. For this purpose, a Cy
fullerene derivative has been employed with conjugated polymers instead of Cg fullerene

derivatives because of the larger extinction coefficient in the visible region.m

Currently,
various low-bandgap polymers have been developed to harvest the near-IR light and
primarily contribute to the recent progress in PCE of polymer solar cells.®  The
incorporation of near-IR dye molecules into polymer:fullerene solar cells also has been
reported to effectively improve the light-harvesting efficiency and hence boost Jsc

substantially. "%

On the other hand, the maximum photovoltage is considered to be
limited by the energy gap between the highest occupied molecular orbital (HOMO) level

of a donor polymer and the lowest unoccupied molecular orbital (LUMO) level of an

acceptor fullerene (AEpa). Indeed, Voc has been reported to increase with lowering
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[11-14]

HOMO level of polymers and raising LUMO level of fullerenes. Currently,

remarkable progress in the device performance has been made using these strategies.!'>'®!

Although there have been several studies showing a linear relationship between
Voc and AEpa experimentally, Voc is generally 0.2 — 0.5 V smaller than AEDA.[“_M]
Recently, the difference between Voc and AEpa has been discussed. For example, Koster
et al. reported that the difference is related to the dissociation probability of bound
electron-hole pair and the Langevin recombination of free carriers assuming that the

quasi-Fermi levels are constant throughout the device.!'”'®!

A recent study on the light
intensity dependence of photocurrent has shown that the recombination dynamics is the
voltage dependent: first-order recombination under an short-circuit condition and
bimolecular recombination wunder an open-circuit condition. From the
temperature/intensity dependence of Voc, the difference between Voc and AEp, is ascribed
to the temperature dependence of the quasi-Fermi levels in the polymer and fullerene

domains.!"”

Similarly, Durrant et al. reported that the charge dynamics is dominated by
bimolecular recombination at Voc by transient photovoltage and absorption measurements.
They note that the bimolecular rate constant is 2—3 orders of magnitude smaller than the

Langevin recombination rate.*"

Furthermore, they recently demonstrated that V¢ varies
only by ~0.1 V between P3HT and bridged thiophene-based polymers with a difference of
0.2 — 0.4 eV in ionization potentials, and assigned this mismatch to a faster recombination
rate in bridged thiophene-based devices. Consequently, they proposed that Voc depends
not only on AEp, but also on the magnitude bimolecular recombination rate.”! On the
other hand, Voc is dependent on the saturation current density Jp in terms of the
diode-based equivalent circuit model. Recently, the molecular structures have been

[22-24]

reported to affects Voc in small molecule-based organic solar cells. This suggests

that V¢ is dependent on the electron transfer at the interface because of the difference in
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the electronic coupling between donor and acceptor molecules. From another point of
view, Inganis et al. reported a linear relationship between Voc and the charge transfer (CT)
emission energy Ecr for blend films based on various conjugated polymers and PCBM.
In this relationship, Voc is reduced by 0.5 — 0.6 V compared to ECT,[25727] which is similar
to the difference between Voc and AEps. They ascribed ~0.25 V of the reduction to
radiative losses that are related to the formation of CT complex, and the rest (~0.35 V) to

271 As described above, the difference between Voc and AEpa has

nonradiative losses.
been discussed in terms of the bimolecular recombination dynamics and the interfacial

electron transfer separately. However, the origin of Voc in polymer solar cells is not fully

understood.

Figure4-1. Chemical structures of fullerenes: (a) Cg, (b) C70, (c) PCBM, (d) bis-PCBM,

(e) PCgsBM, (f) ThCBM, and (g) ICBA.
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To address the origin of Voc, the author carefully analyzed J-V characteristics in

the dark on the basis of the one-diode equivalent circuit model 22242628321

This simple
equivalent circuit model have been widely used for analysis of open-circuit voltage of
organic solar cells and succeeded in explaining the open-circuit voltage. It is noteworthy
that the dark current properties strongly related to the open-circuit voltage which is
measured under illumination. For example, Perez et al. discussed open-circuit voltages of
organic solar cells with low molecular weight materials based on this model and showed
that donor materials with structures that hinder intermolecular interaction leads high

[22]

open-circuit voltages Kirchartz et al. discussed open-circuit voltages of P3HT-based

polymer solar cells and indicated that charge recombination takes place between free

[32] In

charge carriers and charge carriers trapped in exponential tail of localized states.
this study, the author employed seven fullerene derivatives with different LUMO levels as
shown in Figure 4-1 in order to discuss the relationship between Voc and AEpa
systematically. Five of them are fullerene derivatives with attached groups:
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), [6,6]-diphenyl-Cg,-bis(butyric acid
methyl ester) (bis—PCBM),BO’3 1 [6,6]-phenyl-Cgs-butyric acid methyl ester (PC84BM),[32]
[6,6]- 1-thienyl-Cg;-butyric acid methyl ester (ThCBM),™*!
[6,6]-bis[3,5-([1°,2°]-benzeno)-4H-cyclopenta]-Csp  (Indene-Cgp-bisadduct, ICBA).[34]

The other two are pristine fullerenes of Cgy and C79, which are employed to discuss the

effect of the side chain on Vgc.
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4.2. Results

4.2.1. J-V Characteristics

—2

Current Density / mA cm

—2

Current Density / mA cm

Voltage / V

Figure 4-2.  J-V characteristics of each P3HT:fullerene solar cell in the dark (broken
lines) and under AM1.5G simulated solar illumination at 100 mW cm™> (solid lines): Cgg
(), PCBM (A), bis-PCBM (1), C7y (#), PCs4BM (V), ThCBM (+), and ICBA (x). The
opened and closed symbols show blend films with pristine fullerenes and fullerene

derivatives with attached groups, respectively.
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Table 4-1. The HOMO-LUMO energy gap AEpa, device parameters, hole mobility up,

and quenching efficiency @4 of each P3HT:fullerene blend.

AEpa/  Jsc/ Voc / PCE / Iy D,/
eV mA cm ™ \Y FF % cm’Vigl? P
PCg,BM  0.58 3.09 0.16 0.40 019 50x107° 95
Cro 0.84 6.60 0.37 0.52 126  3.0x107° 86
Ceo 0.86 6.60 0.42 0.49 136  50x107° 93
PCBM 0.94 7.70 0.59 0.53 241  3.0x107° 92
ThCBM  0.93 9.01 0.60 0.60 322 23x107 92
bis-PCBM  1.02 7.89 0.70 0.53 295  6.0x107 87
ICBA 1.09 9.48 0.81 0.50 383  35x107 95

2 The hole mobility is evaluated from the space charge limited current for the devices with
a layer structure of ITO/PEDOT:PSS/P3HT:fullerene/Au.

® The quenching efficiency is evaluated by the PL intensity ratio of P3HT:fullerene blends
to that of a P3HT pristine film.

Figure 4-2 shows the J-V characteristics of seven P3HT-based solar cells with
different fullerene derivatives. All the devices showed reproducible diode characteristics
in the dark and photovoltaic performance under the AM1.5G simulated solar illumination.
The Jsc and FF were slightly smaller than those reported in the literatures'”'***~ " because
each device was not fully optimized but just the active layer was fabricated in the same
thickness.  On the other hand, Vpc was in good agreement with the reported
values:! 71030736 that ranged from 0.16 V for PCgsBM to 0.81 V for ICBA. The device
parameters of these cells are summarized in Table 4-1. The energy level of the HOMO of
P3HT was evaluated to be 4.68 eV by the photoemission yield spectroscopy measurement
(see the Appendix). The energy levels of the LUMO of the fullerene derivatives were

evaluated by cyclic voltammetry in solution with a ferrocene/ferrocenium (Fc/Fc™) redox
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couple as an internal standard using Ag/AgCl reference electrode (see the Appendix).””!
The energy differences between the HOMO level of P3HT and the LUMO level of
fullerenes AEpa = Egomo(P3HT) — ELymo(fullerene) are summarized in Table 4-1. Figure
4-3 shows a linear relationship between Voc and AEp,. This linear relationship is

consistent with previous studies.!"' !

Interestingly, the plots for pristine fullerenes (Cegp
and Cyp) deviate from the linear relationship: the Voc of pristine fullerenes is smaller by
~0.1 V than that predicted from the linear relationship. This finding suggests that Voc of
polymer:fullerene solar cells cannot be explained by AEpa alone as is discussed later.
Furthermore, the hole mobility s, and photoluminescence (PL) quenching efficiency @, of
each blend film were evaluated by the space charge limited current measurement for the
hole only devices and by the fluorescence measurement for the P3HT:fullerene blend and
P3HT pristine films on a glass substrate, respectively. As summarized in Table 4-1, uy
and @4 of blend films were independent of the fullerene derivatives. These results
suggest that fullerene derivatives have little impact on the blend morphology of P3HT in
the blend.

As shown in Figure 4-2, Voc is closely related to the turn-on voltage in the dark
current, suggesting that Voc is strongly dependent on the diode characteristics. Therefore
the dark current characteristics of these devices were analyzed by the equivalent circuit

model based on a diode Jo[exp(qV/nksT) — 1], a series resistor R, and a parallel resistor R,

as shown in Figure 4-4a. In this model, J-V characteristics can be derived by Equation

4.112829]

J= Jo{exp{—qw_JR“A)}—l}+—N_JR"'A) -J

nk, T R A ph L
B

where Jj is the saturation current density, N is the ideality factor, R is the series resistance,

R, is the parallel resistance, q is the elementary charge, kg is the Boltzmann constant, T is
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the temperature, A is the active area of the device, and J,, is the photocurrent density.  As
shown in Figure 4-4b, the dark J-V characteristics are well fitted with Equation 4-1. All
the diode parameters are summarized in Table 4-2. Assuming that J,;, is equal to Jsc,
Equation 4-1 can be simplified into Equation 4-2 under the open-circuit condition because
of Voc << JscR,A and Jy << Jsc.

Vo =Kl oty Jse [y Voo || kT 1n(JSCj (4-2)
q Jo JscRpA q Jo

The Vo™ calculated by the simplified Equation 4-2 with the diode parameters is in good
agreement with the Voc observed within a relative error of 7%, which is consistent with the
previous report.[38] The agreement shows that this equation is valid for P3HT:fullerene
solar cells employed in this study. In other words, Voc of P3HT:fullerene solar cells is
independent of Ry and R, but essentially dependent on n, Jsc, and Jo. For different
fullerenes, as shown in Table 4-2, J, differs by six orders of magnitude while variations in
N and Jsc are negligibly small. Thus, it can safely be said that Voc of P3HT:fullerene

solar cells is primarily dependent on J.

Voc/V
<
(98]

8.3 0.6 0.9 1.2
AEDA / eV

Figure 4-3. Relationship between Voc and AEpa for seven P3HT:fullerene solar cells.

The symbols are the same as those in Figure 4-2.
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Figure 4-4. Log plots of the dark current density against applied voltage: Ceo (o) and
bis-PCBM (o). The inset shows the equivalent circuit, which consists of a diode
Jolexp(qV/nksT) — 1], a series resistor R;, and a pallarel resistor R,. The solid lines are

fitting curves by Equation 4-3. The other data are shown in the Appendix.

Table4-2. Diode parameters of P3HT:fullerene blend devices.

AR L e e o

PCgBM 1.73 2.6 2.7 6.0x 107> 1.3 x 10 0.21
Cro 1.6 8 1 6.0x 107  6.4x10° 0.45
Ceo 1.54 8 70 15x10*  1.0x 10 0.47
PCBM 1.7 3.5 75 3.0x107° 3.7 x 10 0.48
ThCBM 1.67 2.8 40 35%x10°  3.4x10° 0.47
bis-PCBM 1.7 5 1.2 25%x107  1.6x10° 0.52
ICBA 1.75 100 1100 6.0x 107 2.2 x 10 0.60

4.2.2. Temperature Dependence of Jg

To address the origin of Jy, J-V characteristics in the dark were measured over the
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temperature range from 180 to 310 K. Figure 4-5a shows the temperature dependence of
Jo of P3HT:fullerene solar cells. As reported previously,m] Jo can be expressed by the

Arrhenius equation.

E
J, =3y exp(— " '?' j (4-3)
B

where Jy 1s the pre-exponential factor and E, is the activation energy. From the ordinate
intercept and slope of the Arrhenius plots, Jyo and Ex can be evaluated. Figure 4-5b
shows these two parameters Jyp and E, plotted against Voc. As shown in the figure, no
correlation is found between Jyy and Voc but a linear relationship is observed between Ex
and Voc. Interestingly, Joo is classified based on the presence or absence of attached
groups to the fullerene unit. The Jy of pristine fullerenes is almost two orders of
magnitude larger than that of fullerene derivatives with attached groups. The contribution
of Joo and Ex to Voc is evaluated by Equation 4-4, which can be obtained from Equations
4-2 and 4-3.

qVee =NE, —nk,T ln(jﬂj (4-4)

SC

Figure 4-5¢ shows the proportion of each term in Equation 4-4 for various fullerene
derivatives. As shown in the figure, the first term on the right side is the largest and
increases with increasing Voc of polymer solar cells.  On the other hand, the percentage of
the second term to NE, is ~30% for fullerene derivatives with attached groups and as large
as ~50% for pristine fullerenes. In other words, E, is the primary factor controlling Voc,
and Jyo in the second term is a secondary factor but is not negligible for controlling Voc.
The second term is clearly dependent on the presence or absence of attached groups to the
fullerene unit: nkgT In(Jyo/Jsc) is ~0.2 eV for fullerene derivatives with attached groups

and is ~0.3 eV for pristine fullerenes.
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Figure 4-5. a) Arrhenius plots of the saturation current Jy for each fullerene system.
The symbols are the same as those in Figure 4-2. b) Plots of the pre-exponential factor
Joo and activation energy E for Jp. The broken lines are fitting curves for fullerene
derivatives with attached groups. c¢) Relative proportion of the two terms of NnE, (gray
bars) and nkgTIn(Jyo/Jsc) (black bars) in Equation 4-4. The difference between the gray

and black bars corresponds to QVoc. The temperature T is set at 300 K.
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4.3. Discussion
4.3.1. Recombination Current

First, the author will consider the dark current density, as described above, which
is closely related to Voc. In the recombination via a bound electron—hole pair at a
donor/acceptor interface, the recombination rate is given by R = p(n.n, — niz)(l — Pis)
where y is the Langevin recombination rate, Pgis is the dissociation probability of a bound
electron—hole pair into free charge carriers at the interface, and n., ny, and n; are the
concentrations of free electrons and holes, and intrinsic carriers, respectively.'”'®!  The
Langevin recombination rate y is given by q(ue + un)/e where u. and up are electron and
hole mobility, respectively, and ¢ is the permittivity. The dissociation probability is given
by Pais = Kais/(Keee + Kais) Where K. and kg5 are the recombination and dissociation rate of
bound electron—hole pairs, respectively. Thus, the recombination current density J.. can
be written as the spatial integration of R>"!

d \
‘Jrec = qJ‘O ;/(nenh - niz)(l_ F)dis )dX: qd;/niz(l_ Pdis )|:exp(l?_.rj _1:| (4_5)

B

where d is the thickness of the active layer. In other words, the saturation current density
is equal to qdyniz(l — Pu4is), which is dependent on the carrier mobility and the
recombination and dissociation rate of bound electron—hole pairs. In the diffusion-limited
case Pgis << 1 (Kee >> Kyis), the saturation current density is equal to qdyniz, which is
dependent only on the carrier mobility. Thus, the author obtain the following Equation
4-6 from Equation 4-2, assuming that Jy = qdyniz(l — Pais), Jsc = PgisGad, and n’ =
chexp(Eg/kBT) where G is the generation rate of bound electron—hole pairs, N¢ is the
effective density of states, and E, is the energy difference between the valence band of

donor material and the conduction band of acceptor material.*”
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VOC — g nkBT h’l( qd7(1 Pdls)NC j

qQ g Ise
2 (4-6)
— nEg _ nkBT In ya- Pdis)NC
q g PG
Note that Equation 4-6 is identical to the one derived in previous studies!'”'® except for

the ideality factor. The ideality factor n = 1.6 suggests that a recombination mechanism
in P3HT:fullerene solar cells other than a direct recombination, such as the
Shockley—Read—Hall (SRH) recombination as reported recently.[3 401" Indeed, Guo et al.
found recently that there are two types of P3HT polarons (trap-free and trapped P3HT
polarons) in P3HT:PCBM blend films.*"!  The bimodal recombination may be related to
the ideality factor 1 < n < 2, which is a typical value for polymer solar cells. This study,
however, is focused on the origin of Jy, and the author will not discuss the difference in the

ideality factor any further.

4.3.2. Origin of Open-Circuit Voltage

From the comparison of Equation 4-4 with Equation 4-6, it was obtained the
following relation: Ex = E, and Jyo = qdp(1l - Pdis)ch, which are indicative of the
molecular origin of Jy (Joo and E»). In most studies, E, is considered to be AEDA.[12’14’17’24]
This is consistent with the experimental relationship Voc o< AEpa, and it is concluded that
Ea isits origin. However, as shown in Figure 4-5b, E, is much smaller than AEps. This
is partly because the formation of interfacial dipole would reduce the effective E, as

reported previously. The offset energy due to the interfacial dipole A is reported to be 0.4

eV for P3HT:PCBM blend films.'**! In this case, Ex + A is nearly equal to AEpa.

Next the author focus on the difference in Jy between pristine fullerenes and

fullerene derivatives with attached groups. As mentioned above, Jyo is dependent only on
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the charge mobility for the diffusion-limited recombination, and on the carrier mobility and
the recombination and dissociation rate of bound electron-hole pairs for the
non-diffusion-limited recombination. The electron mobility u. of pristine fullerenes is
reported to be as high as ~0.1 cm® V™' s7'**) which is one order of magnitude higher than
that of fullerene derivatives with attached groups (~0.01 cm?* V™' g7H).B133444851  op he
other hand, as shown in Table 4-1, u, of P3HT is as low as ~10* ecm? V! s in
P3HT:fullerene blend films, which is comparable to time-of-flight mobility of P3HT

[46]

films. Thus, the two orders of magnitude difference in Jyp cannot be explained in

[47,48]

terms of the charge mobility alone. This suggests that the recombination in

P3HT:fullerene blends is non-diffusion-limited reaction.

For the non-diffusion-limited recombination, Jy is given by qdy(1 — Pdis)NC2 =
qdykeecNC/(Keee + Kais).  Previously, Guo et al. found by transient absorption spectroscopy
that P3HT polarons are promptly generated within <100 fs in P3HT:PCBM blend films

S

and a small part of them recombines to the ground state on a nanosecond time scale.
other words, k.. and kg are roughly estimated to be ~10° s and >10" s"l, respectively.
Recent spectroscopic studies have shown similar results even for other polymer:fullerene
blends.*>3! Thus, ke << Kgis can be assumeumed for all the P3HT:fullerene blends
studied here. Consequently, Jy can be simplified into Jyo = quCZykreclkdiS = quczyal
where y, is the apparent recombination rate (yKec/Kgis). Considering the high PL
quenching and the large Jsc for all the blends, Ky can be assumed to be high enough to
yield the high dissociation efficiency independently of fullerene derivatives. It is

therefore concluded that the large difference in Jyo is ascribed mainly to y and K.

[54]

According to the Marcus theory,”™ the electron transfer rate kgr can be described

by Equation 4-7
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where h is the Planck constant, Hag is the electronic coupling matrix element between the
reactant A and the product B, A is the reorganization energy, AGy is the free energy
difference between the reactant and the product. In the case of the charge transport in the

same molecules, the charge transfer rate Kcr is given by Equation 4-8

2 2
Kop = 4r Haa exp| — A (4-8)
h \J4zik, T 4k, T

The Langevin recombination rate y is proportional to the diffusion constant, which is
proportional to Kcr assuming that the charge diffusion is repetitive hopping between two

neighbors.[55’56]

On the other hand, as mentioned above, y is given by q(ue + un)/e = Quele.
Thus, the author ascribe the difference in . by one order of magnitude to the electronic
coupling matrix element Has because it is the most sensitive to the presence or absence of
attached groups to fullerenes. In other words, the difference in y (or ) by one order of
magnitude suggests that H aa” between pristine fullerenes is about 10 times larger than that
between fullerene derivatives with attached groups. The author therefore ascribes the
remaining difference in Jyo by one order of magnitude to K... Similarly, the difference in
Keec suggests that H ABZ between P3HT and pristine fullerenes is about 10 times larger than

571" This is reasonable

that between P3HT and fullerene derivatives with attached groups.
because the presence or absence of attached groups to fullerenes would change the
intermolecular distance and hence would have comparable impact on Has and Hag.
Furthermore, recent studies have shown that weak intermolecular interaction due to bulky

substituents leads to higher Voc for small molecule organic solar cells.?>%!

Therefore, it
is concluded that the V¢ is dependent on both electronic couplings of fullerene/fullerene

and polymer/fullerene.
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It is noteworthy that Vpc is dependent on the charge recombination at the
P3HT/PCBM interface. This is inconsistent with the Langevin recombination that is
limited only by diffusion. In the Langevin recombination, the reaction radius is assumed
to be a critical distance r. at which the thermal energy of a charge carrier is equal to the
Coulombic attractive potential energy. In P3HT:PCBM blends, r. is estimated to be as
long as 16 nm with a dielectric constant of 3.4. This is significantly larger than the
separation distance of the interfacial charge recombination ro, which would be a few
nanometers at most. If ro were employed instead of r., the diffusion-limited
recombination rate would be almost one order of magnitude smaller than the Langevin
recombination rate y. Furthermore, as mentioned above, the apparent recombination rate
va is reduced by a factor of K../Ksis compared to y for the non-diffusion-limited reaction.
In other words, the large difference between k.. and Kgs may be related to the reduced
recombination rate reported for polymer:fullerene blends. Such
electron-transfer-dependent recombination has been reported for dye-sensitized solar

cells.¥!

Finally, the author discusses the molecular design for improving Vo on the basis of
the findings in this study. It was found that V¢ is essentially dependent on Ex and Jyo
from the detailed analysis of the dark current characteristics of the devices. The
activation energy E, is closely related to AEps, which is consistent with the experimental
relation Voc o< AEps. The relation provides the guideline for the molecular design that
lowers HOMO donors and higher LUMO acceptors are desirable for higher Voc. This
strategy has already been great successful in improving Vpc in polymer solar cells

mentioned before.>*%"

On the other hand, Jy is essentially related to the electronic
couplings of polymer/polymer or fullerene/fullerene Has and of polymer/fullerene Hag.

In other words, lower Haa or Hap could lead to a higher Voc. However, a lower Haa
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results in lower charge mobility, which would cause lower charge collection efficiency and
hence lower device performance. Thus, the molecular design for lowering Haa is not
appropriate for improving the overall device performance. Similarly, a lower Hap results
in the decrease in the electron transfer rate at the polymer/fullerene interface. In other
words, a lower Hap seems to cause not only a lower K. but also a lower charge separation
rate K., the latter of which would result in lower charge generation efficiency. However,
this is not always true because Hap is different between k.. and k,. The electronic
coupling in the charge separation H A" is taken to be the coupling between the LUMO of
the donor and the acceptor and that in the charge recombination H ABCR is taken to be the
coupling between the HOMO of the donor and the LUMO or LUMO + 1 of the

[61]

acceptor. For example, Hag™ can be larger than Hag® by controlling the spatial

distribution of HOMO and LUMO of the donor material as reported for dye-sensitized

solar cells.[°36263!

The LUMO of the Ru complex sensitizer is concentrated on bipyridine
ligands attached with the anchoring carboxylic groups while the HOMO is shifted in
weight from the Ru atom towards the NCS ligands. Consequently, Hag®® is significantly
larger than H ABCR, resulting in ultrafast electron injection into TiO, and slow
recombination at the interface simultaneously. Furthermore, a recent ab initio calculation
has shown that the electronic coupling at the P3HT/Cg¢ heterojunction is much larger in the

excited state than in the ground state.!**!

The author therefore proposes that the molecular
design with a large H ABCS and small H ABCR would enhance V¢ effectively without any loss

of the charge generation efficiency.

4.4. Conclusion
The origin of open-circuit voltage of polymer:fullerene solar cells have studied by

analyzing the J-V characteristic in the dark and under the illuminaiton. Seven different
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polymer solar cells were fabricated by using different fullerene derivatives with the LUMO
levels ranging from 3.53 to 4.10 eV. From the photocurrent measurement, the linear
relationship between Voc and AEp, is observed as reported priviously, but not between
fullerene derivatives with attached groups and pristine fullerenes. To understand the
different linear relationship between Voc and AEpa, the author carefully analyzed the diode
characteristics in the dark on the basis of the equivalent circuit model. As a result, it was
found that Voc of the P3HT:fullerene solar cells is independent of the ideality factor n but
mainly dependent on the saturation current Jyo. From the temperature dependence of Jp,
the activation energy En and the pre-exponential factor Jy, are evaluated for Jy. The
autohr ascribe the former term to AEp, and the latter term to the charge recombination in
P3HT:fullerene blends. Interestingly, the latter term is dependent on the absence or
presence of the attached groups to the fullerenes. Indeed, Jy can be expressed as Jyy =
quCZykreclkdiS = quCZyZl where y, is the apparent recombination rate (yK./Kqis). This
finding suggests that the recombination in P3HT:fullerene blends 1is the
non-diffusion-limited reaction depending on the electron transfer at the P3HT/fullerene
interface. This is consistent with the reduced recombination compared to the Langevin
recombination as reported previously. It is concluded that the attached group to the
fullerene would reduce both electronic couplings beween fullerene/fullerene Haa and
between P3HT/fullerne H ABCR. The samller Haa and H ABCR result in the smaller y and K,
respectively, and hence lead to the smaller Jyo for fullerene derivatives with attached
groups. The author therefore propose that a large Hag™® and small Hag™® are the key to
improving Voc effectively without loss of the charge generation efficiency in addition to

large AEpa.
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4.5. Experimental
Materials: The following chemicals were used without further purification unless noted:
P3HT (regioregular, Aldrich, M, = 87,000 g mol_l), indene (99%, Sigma-Aldrich), Ce
(99.5%, Frontier Carbon), C;9 (99%, Aldrich), PCBM (99.9%, Frontier Carbon),
bis-PCBM (99.5%, Sigma—Aldrich), PCgBM (99.8%, Solenne), ThCBM (99%,
Sigma—Aldrich), lithium fluoride (99.9%, Sigma—Aldrich), tetrabutylammonium
tetrafluoroborate (Wako), acetonitrile (98%, Nacalai tesque), chlorobenzene (99%, Nacalai
tesque), O-dichlorobenzene (99%, Wako), and 1,2,4-trichlorobenzene (>98%, Tokyo
Chemical Industry). Ferrocene (98%, Wako) was purified by recrystallization from
dichloromethane three times prior to the measurement.
Synthesis of ICBA: Indene-Cgp-bisadduct (ICBA) was synthesized according to the
procedures reported in a previous report.m] Fullerene Cgp (0.856 g, 1.19 mmol) and
1,2,4-trichlorobenzene (50 mL) were placed in a recovery flask and stirred over night at
room temperature to dissolve the fullerene homogeneously followed by adding indene
(2.07 g, 17.8 mmol) to the flask. The solution was heated to 220 °C and refluxed for 12 h.
Subsequently, the cooled solution was poured into 400 mL of methanol to reprecipitate the
product. The precipitate was dissolved in 5 mL of chloroform and reprecipitated again in
methanol. The crude product was purified by silica gel column chromatography twice
using 10% chloroform in hexane (first) and 10% toluene in hexane (second) as eluents.
Finally, the product was recrystallized twice from hexane/chloroform. Finally, 43 mg of
ICBA was obtained as pure product.

'H NMR (CD,Cl,, 400 MHz): 6 (ppm) (a) 7.8 — 7.2 (m, 8H), (b) 1.26 (s, 4H), (c)
0.882 (t, 4H, J = 6.8 Hz). Peak (c) was coupled with peak (b), which is confirmed by a
decoupling measurement (see the Appendix). APCI-MS: calcd for C;3H;6 953.0; found

953.1.
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Device Fabrication: Indium/tin oxide (ITO)-coated glass substrates (10 Q per square) were
washed by ultrasonication in toluene, acetone, and ethanol for 15 min, dried with N,, and
then cleaned with a UV-0j; cleaner (Nippon Laser & Electronics NL-UV253S) for 30 min.
A thin layer (~40 nm) of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS; H. C. Starck PH500) was spin-coated onto the cleaned substrates at a spin
rate of 3000 rpm, and the layer was dried at 140 °C for 10 min in air. The solution of
PEDOT:PSS was filtered using a 0.45 um PTFE syringe filter prior to the spin coating. A
blend layer of P3HT:fullerene (~100 nm except for PCgsBM, 80 nm for PCgsBM) was
spin-coated from a chlorobenzene (except for Cgy and C7p) or 0-dichlorobenzene (Cgp and
C70) solution on the PEDOT:PSS film. Finally, Al (70 nm) (except for ICBA) or LiF (0.5
nm)/Al (70 nm) (for ICBA) was thermally deposited on top of the active layer at 2.5 x 1074
Pa. Note that LiF was used to ensure the Ohmic contact between fullerene and the
electrode. Finally, the devices were thermally annealed at 150 °C in an N,-filled
glovebox for 5 min (PCssBM), 10 min (ThCBM), 15 min (Cyp), 30 min (Cey, PCBM,
bis-PCBM), and 40 min (ICBA), respectively.

Measurements. The electrochemical measurements were performed using a
potentiostat/galvanostat (Princeton Applied Research, model 273A) in an Ar-bubbled
o-dichlorobenzene/acetonitrile = 4 : 1 (v/v) solution containing 0.1 M of
tetrabutylammonium hexafluorophosphate as a supporting electrolyte with an Ag/AgCl
wire in a saturated KCIl solution as a reference electrode and a Pt wire as a counter
electrode. The scan rate was set to 50 mV s™'. The ionization potential of P3HT was
measured with a photoelectron yield spectrometer (Riken Keiki, AC-3). The P3HT film
was fabricated by spin-coating from chlorobenzene onto an ITO substrate washed by the
same procedure as mentioned above. The threshold energy for the photoelectron

emission was estimated on the basis of the cubic root of the photoelectron yield plotted

94



(65661 " The J-V characteristics

against the incident photon energy as reported previously.
were measured in an N, atmosphere with a direct current/voltage and a current
source/monitor (Advantest, model R6243) in the dark and under illumination with
AM1.5G simulated solar light at 100 mW cm™.  The light intensity was corrected with a
calibrated silicon photodiode reference cell (Bunkoh-Keiki, BS-520). The active area of
the device was 0.07 cm®. The temperature dependence of the dark J-V characteristics
was measured in a liquid-Nj-cooled cryostat (Oxford, Optistat DN-V) at a pressure of

<10 Pa. The temperature was monitored by a platinum resistance thermometer and

controlled with a temperature controller (Oxford, ITC503) at a stability of <0.1 K.
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4.6. Appendix
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Figure 4-Al. a) Cyclic voltammograms of each fullerene derivative in

acetonitrile/o-dichlorobenzene = 1 : 4 (v/v) solutions containing 0.1 M of BusNPFs. The
scan rate is 50 mV s™'. b) Estimation procedure of redox potential by voltamogram for
PCBM. The LUMO levels were estimated from their first peaks of voltamograms. The
potentials were obtained by the average of cut-off position of oxdative and reductive wave,
and the LUMO energy were calculated based on the potential of Fc/Fc™ =4.8 eV vs vacuum
level™ 1 ¢) Photoemission yield spectrum of a P3HT pristine film. The cut-off

energy was estimated by the threshold of the cubic root of the photoelectron yield.
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Figure 4-A2. 400 MHz '"H-.NMR spectrum of ICBA in CD,Cl; solution. a) The peak
signals are observed as follows: a) 6 = 7.8 — 7.2 (m, 8H), b) 1.26 (s, 4H), c) 0.882 (t, 4H, J
= 6.8 Hz). b) The non-decoupled (solid line) and decoupled (broken line) signals at
peak-C of ICBA in CD,Cl, solution. The decoupling is performed at 1.26 ppm. c) The

assignments of the peaks from a to ¢ observed in 'H-NMR spectra.
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Figure 4-A3. J-V characteristics of ITO/PEDOT:PSS/P3HT:fullerene/Au devices. The
gray solid lines represent the fitting line by J = 9/8 epeun (V — Vbi)zld3 where ¢pand g, are
the permittivity of vacuum and media, u, is the hole mobility, Vy; is the built-in potential in
device, and d is the thickness of the active layer in the device. The built-in potential of

these devices is negligible because the work function of Au is almost the same as that of

ITO.
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Figure 4-A4. Log plots of the dark current density against applied voltage. The
symbols are the same as those in Figure 4-2. The solid lines are fitting curves by

Equation 4-3.
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Chapter 5

Charge Dissociation and Recombination through Interfacial

Charge Transfer State in Low-Bandgap Polymer Solar Cells

5.1. Introduction
Currently, power conversion efficiency (PCE) of polymer/fullerene solar cells is

approaching to 10%.1"

One of the key materials to the remarkable progress is
low-bandgap polymers, which can absorb more photons in the near-IR region than
conventional conjugated polymers such as regioregular poly(3-hexylthiophene)
(RR-P3HT) and therefore can increase the short-circuit current density (Jsc) effectively.
Most of low-bandgap polymers have electron donor and acceptor units arranged
alternatively in the main chain. The donor/acceptor linkage induces an intramolecular
donor—acceptor interaction resulting in the reduction of the bandgap energy.
Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b'|dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT) is a typical low-bandgap polymer, which consists of the
cyclopentadithiophene donor unit and the benzothiadiazole acceptor unit in the main chain
as shown in Figure 5-1a. Because of the donor—acceptor interaction, this polymer has a
red-shifted absorption up to ~800 nm. The PCPDTBT-based polymer solar cell was
firstly reported in 2006, and exhibited the improved PCE in excess of 5% by using an

4 I particular, Jsc exceeds 15 mA cm_z, which cannot

additive with high boiling poin
be obtained by conventional polymers studied so far. However, this is still far below a

maximum Jsc of 23.8 mA cm~ for the 100% light harvesting up to 800 nm.”"  This is

because external quantum efficiency (EQE) is as low as 50% for the PCPDTBT-based
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polymer solar cell.>*** In other words, the potential PCE would exceed 8% if EQE
could be improved up to 80% as is the case for RR-P3HT/PCBM solar cells. For further
improvement in the device performance, the origin of low EQE should be understood.

Herein the author studies the charge generation and recombination dynamics in
PCPDTBT/PCBM blend films by transient absorption spectroscopy. On a time scale of
picoseconds, transient absorption of PCPDTBT singlet exciton and polaron are observed to
discuss the charge generation dynamics in PCPDTBT/PCBM blends. Subsequently, the
geminate recombination dynamics is observed on a time scale of sub-nanoseconds to
discuss the charge dissociation mechanism. On a time scale of nano- to microseconds,
the bimolecular recombination of PCPDTBT dissociated polarons is observed to evaluate
the charge -carrier lifetime in PCPDTBT/PCBM blends. In comparison with
RR-P3HT/PCBM solar cells, the origin of the limited EQE of PCPDTBT/PCBM solar
cells is discussed in terms of the charge dissociation and recombination mechanism in
PCPDTBT/PCBM blends.

a)

Absorbance

400 500 600 700 800
Wavelength / nm

Figure 5-1. Chemical structures of materials employed in this study: a) PCPDTBT and
b) PCBM. c¢) Absorption spectra of PCPDTBT/PCBM blend films (50:50 w/w)

fabricated with DIO.
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5.2. Results

Figure 5-1c shows the absorption spectra of PCPDTBT/PCBM (50 : 50 w/w)
blend films fabricated with 1,8-diiodooctane (DIO) as additive. A large absorption band
observed at around 700 nm is ascribed to the intramolecular donor—acceptor interaction

band as reported previously.”'"!

In addition, an absorption shoulder observed at around
800 nm is ascribed to the ordering of PCPDTBT as reported previously.*!"'* On the
other hand, no fluorescence was observed for the blend films. In other words, the exciton
quenching efficiency is almost 100% for PCPDTBT/PCBM blend films.

Figures 5-2a shows the transient absorption spectra of PCPDTBT neat films at 0
ps after the laser excitation at 800 nm under various excitation intensities. At low
excitation intensities, the absorption peak was found at around 1500 nm. This absorption
band is ascribed to PCPDTBT singlet exciton because the decay constant is consistent with
the fluorescence lifetime. At high excitation intensities, an additional absorption shoulder
was observed at around 1200-1300 nm. This absorption is ascribed to PCPDTBT
polaron as described below. Figure 5-2b shows the initial absorbance of PCPDTBT
singlet exciton and polaron under various excitation intensities. Below a fluence of 16 pJ
cm™?, the slope for the initial absorbance of PCPDTBT singlet exciton was unity,
suggesting that bimolecular processes are negligible. Above the fluence of 16 pJ cm™2,
the slope reduced to 0.5, suggesting bimolecular quenching of PCPDTBT singlet exciton.
On the other hand, the slope for the initial absorbance of PCPDTBT polaron was 2 above
the fluence of 16 pJ cm™, suggesting that polarons are generated via a bimolecular reaction.
Thus, it is concluded that PCPDTBT polarons are generated at O ps via the singlet—singlet
exciton annihilation without exciton diffusion (or two-photon absorption). From the
threshold intensity of 16 pJ cm™ (= 1.6 x 10'® cm™), the interaction radius of PCPDTBT

singlet exciton is estimated to be r.x = 4.2 nm at 0 ps after the excitation at 800 nm.
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Figure 5-2. a) Transient absorption spectra of a PCPDTBT neat film at O ps after the
laser excitation at 800 nm with fluences of 4, 8, 16, 32, 64, 96, 128 uJ cm 2 from bottom to
top in the panel. The broken line shows a fitting line by a Gaussian function for the
spectrum at 4 pJ cm™  b) Log—log plots of the initial transient signals of a PCPDTBT neat
film of PCPDTBT singlet (open circles) and PCPDTBT polaron (open triangles). The

solid, broken, and dashed—dotted lines show the slope of 1, 0.5, and 2, respectively.
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Figure 5-3. Transient absorption spectra of a PCPDTBT/PCBM blend film fabricated
with DIO at 0 (black), 2 (red), 10 (blue), 100 (green), 1000 (orange), and 3000 ps (gray)

after the laser excitation at 800 nm with a fluence of 4 pJ cm .

Figures 5-3 shows the transient absorption spectra of a PCPDTBT/PCBM blend
film from O to 3 ns after the laser excitation at 800 nm. As shown in Figure 5-3, a broad
absorption up to 1500 nm was observed immediately after the laser excitation, the
absorption at around 1500 nm disappeared rapidly, and instead the absorption band at
around 1300 nm was pronounced in a few picoseconds, and then the absorption band at
1300 nm decayed in a few nanoseconds. The absorption band at 1500 nm is ascribed to
PCPDTBT singlet exciton as mentioned above. The absorption band at 1300 nm is
ascribed to PCPDTBT polarons because it was still observed on a time scale of
microseconds (see the Appendix). In summary, PCPDTBT singlet excitons rapidly
disappear and instead PCPDTBT polarons are rapidly generated in a few picoseconds.

This is consistent with the efficient fluorescence quenching.
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Figure 5-4. a) Transient absorption spectrum at 0.2 ps of the PCPDTBT/PCBM blend
film fabricated with DIO (open circles). The solid line shows the spectrum simulated by
the sum of the absorption spectra of PCPDTBT singlet exciton (broken line) and
PCPDTBT polaron (dashed—dotted line). b) The time evolution of PCPDTBT singlet
exciton (closed circles) and PCPDTBT polaron (open circles) in the PCPDTBT/PCBM
blend film. The solid lines show the fitting lines by exponential functions: A exp(—t/zq)
for the decay and A[1 — exp(—t/z;)] + B for the rise kinetics withtg=7,=0.6 psand A: B =

65 : 35.

To analyze the charge generation dynamics in details, the author resolved the
transient absorption spectra into PCPDTBT singlet exciton and polaron by spectral
simulation as shown in Figure 5-4a. The absorption spectrum at O ps of the PCPDTBT
neat film can be used as that of PCPDTBT singlet exciton. The absorption spectrum at 2
ps of the PCPDTBT/PCBM blend film can be used as that of PCPDTBT polaron because

the spectral change is finished before 2 ps. As a result, the time evolution of PCPDTBT
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singlet exciton and polaron generated in PCPDTBT/PCBM blend films excited at 800 nm
were obtained. As shown in Figure 5-4b, PCPDTBT singlet exciton decayed and
PCPDTBT polaron was generated with the same time constant. This suggests that
PCPDTBT polaron is directly generated from PCPDTBT singlet exciton. The charge
generation time constant is evaluated to be 0.6 ps for the PCPDTBT/PCBM blend.
Furthermore, 35% of PCPDTBT polarons were promptly generated within the laser pulse

width (~0.1 ps).

n/cm

lolsf&h* e

0O 02 04 06 08 1
Time / ns

Figure5-5. Transient decay at 1240 nm of PCPDTBT polaron in PCPDTBT/PCBM
blend film excited at 800 nm with fluences of 1, 5, and 10 pJ cm™.  The gray broken lines
show the fitting curve by an exponential function: A exp(—t/t,) + B with 7, = 480 ps and

A:B=30:70.

Figure 5-5 shows the transient decay of PCPDTBT polaron monitored at 1240 nm
from O to 1 ns after the laser excitation at 800 nm under various excitation conditions.
The charge carrier density was evaluated from the molar absorption coefficient of
PCPDTBT polaron (g = 40000 M™' cm™" at 1240 nm) previously reported.[m The decay
dynamics is independent of the excitation intensity and can be well fitted by a single

exponential function with a constant fraction: AOD = A exp(—t/r,) + B. It is noted that
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the photobleaching at 750 nm recovered with the same time constant. Therefore, the
decay dynamics is monomolecular recombination to the ground state. ~ From the fitting,
the decay constant and the constant fraction are evaluated to be 7, = 480 ps and 70%,

respectively.
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Figure 5-6. Transient decay of polymer polarons with fluences of 1, 2, 5, 10 and 20 pJ
cm™ from bottom to top: a) PCPDTBT polaron (1240 nm) in PCPDTBT/PCBM blends
excited at 800 nm and b) P3HT polaron (1000 nm) in RR-P3HT/PCBM blends excited at
400 nm. The gray broken lines show the fitting curves by a power-law function: n(t) =

no(1 + at)™ with a = 0.5.

Figure 5-6 shows the transient decay of PCPDTBT polaron monitored at 1240 nm
from 1 ns to 1 ms after the laser excitation at 800 nm under various excitation conditions.

The charge carrier density was estimated as described in the Appendix. For comparison,
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the transient decay of P3HT polaron monitored at 1000 nm in RR-P3HT/PCBM is also
shown in Figure 5-6b. In contrast to Figure 5-5, the decay dynamics is dependent on the
excitation intensity, suggesting that bimolecular recombination is the dominant decay
pathway. All the decay dynamics can be well fitted by an empirical power-law equation
n(t) = ne(1 + at)™ (5-1)

where N(t) is the carrier density at a delay time t, Ny is the carrier density at t = 0, and o and
a are parameters. The exponent a represents the slope of the decay in the log-log plots.
The inverse of the parameter a is indicative of the time for the carrier density to start
decreasing. ~ As shown in the figure, the exponent is constant o = 0.5 for
PCPDTBT/PCBM and RR-P3HT/PCBM, which is independent of the excitation intensity.
The power-law kinetics with o < 1 is characteristic of trap-limited bimolecular
recombination."” On the other hand, the parameter a of PCPDTBT/PCBM is almost
independent of the excitation intensity while the parameter a of RR-P3HT/PCBM
decreases with increasing excitation intensity. The charge lifetime will be discussed later

on the basis of the parameter a.

5.3. Discussion

First, the author focuses on the charge generation dynamics in PCPDTBT/PCBM
blends. As mentioned before, PCPDTBT polarons are rapidly generated in a picosecond.
This is much faster than that observed for RR-P3HT/PCBM crystalline blends, but similar
to that observed for RRa-P3HT/PCBM amorphous blends.!"  More precisely, the charge
generation time is slightly slower in PCPDTBT/PCBM (0.6 ps) than RRa-P3HT/PCBM
blends (0.2 ps). As reported previously,*'®"® PCPDTBT/PCBM blends are not
crystalline but rather amorphous films. In such amorphous blend films, PCBM molecules

are likely to be homogeneously dispersed, and therefore polymer singlet excitons should be
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quenched promptly by neighboring PCBM molecules without exciton diffusion. Indeed,
the exciton diffusion is typically negligible in a picosecond. However, if PCBM
molecules were completely dispersed homogeneously in amorphous films, the charge
generation dynamics would be the same. Thus, the slight difference in the charge
generation time suggests that PCBM molecules still form phase separation though they are
likely to be homogeneously dispersed in amorphous films. As reported previously, the
additive can selectively extract PCBM from PCPDTBT/PCBM blends and is therefore

considered to induce PCBM aggregation in the blend.!"”!

Such aggregation would reduce
the effective concentration of PCBM in the blend, which cause the larger separation
distance between polymer singlet exciton and PCBM resulting in the slightly slower charge
generation. Indeed, the author found larger phase separation for blend films fabricated
with DIO as reported previously.!'? Alternatively, it is noted that PCPDTBT singlet
exciton (1.67 eV) is more stable than RRa-P3HT singlet exciton (2.34 eV) because of the
lower bandgap as shown in Figure 5-1c. In other words, the driving force for the charge
separation is smaller in PCPDTBT/PCBM than in RRa-P3HT/PCBM blends. This would
have impact on the charge generation dynamics. In any case, the charge generation is
much more rapid than the lifetime of the singlet exciton. It can be safely concluded that
the exciton diffusion efficiency #gp to and the charge transfer efficiency #zcr at a
donor/acceptor interface are 100% in PCPDTBT/PCBM blend films. This is the same as
those for RRa-P3HT/PCBM amorphous blends but larger than those for RR-P3HT/PCBM
crystalline blends.

Next, the author moves onto the monomolecular recombination dynamics on a
time scale of sub-nanoseconds. As mentioned before, the decay dynamics of PCPDTBT
polaron is in good agreement with the recovery dynamics of the photobleaching and

independent of the excitation intensity, suggesting the geminate recombination to the
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ground state. Furthermore, this decay constant z,;, = 480 ps is in good agreement with the
lifetime of the CT state emission at 1100 nm observed for PCPDTBT/PCBM blend films
(480 ps).?  Therefore the author ascribe the polaron band at around 1250 nm to the CT
state at the heterojunction, which is coulombically bound pair of PCPDTBT polaron and
PCBM radical anion. From the fitting parameters, the charge dissociation efficiency #cp
is estimated to be 70% and the charge dissociation and recombination rates are estimated to
be kg = 1 X 10° s7! and Kee = 6 X 108 s"l, respectively. This charge dissociation
efficiency (#cp = 70%) is larger than that for RRa-P3HT/PCBM (31%) but lower than that
for P3BHT/PCBM blend films (91%). The difference in #cp is primarily due to the
different phase separation. In addition, as reported previously, the singlet exciton size

I As mention above, the interaction

would have impact on the charge dissociation.”!
radius of PCPDTBT singlet exciton is I'ex = 4.2 nm. This is larger than that of RRa-P3HT
singlet exciton (rex = 3.2 nm) and smaller than that of RR-P3HT singlet exciton (rex =
4.3-6.7 nm). In a recent paper, Durrant et al. pointed out that the effective Coulomb
capture radius would be reduced to ~4 nm at a typical donor/acceptor heterojunction by
considering the change in entropy associated with changing from a single exciton to two

(221 This is consistent with the estimations of the interaction radius of

separated charges.
singlet excitons. The author therefore proposes that the larger singlet exciton is likely to
provide the larger 7cp.

Finally the author discusses the bimolecular recombination dynamics on a time
scale of nano- to microseconds. As described above, all the decay dynamics on a time
scale of this regime can be well fitted by eq 5-1 with a = 0.5, which is indicative of

trap-limited bimolecular recombination. In the bimolecular charge recombination, the

charge carrier density N(t) is given by
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Figure 5-7. Charge carrier lifetime 7. defined by Equation 5-4 plotted against the initial
charge carrier density np: PCPDTBT polaron in PCPDTBT/PCBM blends (closed circles)

and P3HT polaron in RR-P3HT/PCBM blend films (open circles).

dn(ty/dt = —y(Hn*(t) (5-2)
where y(t) is the bimolecular recombination rate at a delay time t. By inserting Equation
5-1 into Equation 5-2, the time-dependent bimolecular recombination rate can be obtained:

y(t) = aany (1 + at)“™ (5-3)
Here, the charge carrier lifetime 7. is defined by

7e = [7(0) nol™' = (@)™ (5-4)
As shown in Figure 5-7, the charge carrier lifetime 7. is of the order of ~107" s for
PCPDTBT/PCBM blends. On the other hand, the charge collection time at the short
circuit can be roughly estimated to be tec>¢ =2 x 107" s as a transit time dd¢/(Vi) where d
is the thickness of the active layer (100 nm), dc is the average collection length (= d/2), V
is the internal bias (0.6 V), and u is the charge mobility (4 X 107 cm?® V7! s'l). The
charge collection time at the open circuit can be roughly estimated to be tcc®“ =1 x 107 s

as a diffusion time dc*/(2D) = qd*/(8ks Tu) where D is the diffusion constant of charge
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Scheme5-1. Kinetic scheme for the bimolecular recombination via the CT state.

CT State . Free Charge
is
[D/A"] D+ A"
7
krec
Ground State
D+ A

yL: the Langevin recombination rate, K..: the geminate recombination rate of the CT state,

Kqis: the charge dissociation rate into free carriers from the CT state

carriers (= KgTu/Q), kg is the Boltzmann constant, T is temperature, and q is the elementary
charge. Thus, the charge carrier lifetime z7c in PCPDTBT/PCBM blends is comparable to
tCCSC but shorter than tCCOC. This is different from that in RR-P3HT/PCBM blends where
7. 1s as long as ~107> = 10™* s even under the open-circuit condition (N = 10"~ 10" ecm™).
Such long lifetime of charge carriers is ascribed to the reduced bimolecular recombination
in RR-P3HT/PCBM blends. As reported in many studies, the bimolecular recombination
rate in RR-P3HT/PCBM blends is at least two orders magnitude slower than the Langevin

2324251 The author recently proposed that the reduced bimolecular

recombination rate yy.
recombination is due to the non-diffusion-limited recombination. In the case of the
non-diffusion-limited recombination, the recombination kinetics can be summarized as
shown in Scheme 5-1. Under the steady state condition, the apparent recombination rate
is given by Keo/(Kee + Kais)yL (see the Appendix). For RR-P3HT/PCBM blends, as
reported previously, the apparent recombination rate is reduced by at least more than two
orders of magnitude compared to y. because Ky is much larger than krec.[%_zg] On the
other hand, kg;s is comparable to k.. for PCPDTBT/PCBM blends as described above. As
a result, the apparent recombination rate would be reduced only by a factor of 1/3. Indeed,

the bimolecular recombination rate in PCPDTBT/PCBM blends is evaluated by Equation

5-3atn= 10~ 10" cm™ to be of the order of ~107'° ¢cm? s"l, which is comparable to the
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Langevin recombination rate y. = 8 x 107" cm® s, It is therefore concluded that the

charge collection is one of the limiting factors to the device performance of

PCPDTBT/PCBM solar cells because of the faster bimolecular recombination.

5.4. Conclusions

The charge generation and recombination dynamics in PCPDTBT/PCBM blend
films were studied by transient absorption spectroscopy. In PCPDTBT neat films, only
PCPDTBT singlet exciton is generated under low excitation conditions, but PCPDTBT
polaron is additionally generated under high excitation conditions because of the
singlet—singlet exciton annihilation. The interaction radius of PCPDTBT singlet exciton
is estimated to be rx = 4.2 nm. In PCPDTBT/PCBM blend films, PCPDTBT polaron is
promptly generated from PCPDTBT singlet exciton in a picosecond. In other words, the
efficiency of the exciton diffusion to a donor/acceptor interface #gp and the charge transfer
at the interface ncr is 100%. This is because PCBM molecules are likely to be
homogeneously dispersed in amorphous blend films. Such 100% efficiency in #gp and
ner 1s found in other amorphous polymer blends such as RRa-P3HT/PCBM and
N-P7/PCBM. On a time scale of nanoseconds, 70% of PCPDTBT polarons are
dissociated into free charge carriers and the rest of them recombine geminately to the
ground state. The dissociation efficiency #ncp = 70% is higher than that of
RRa-P3HT/PCBM but lower than that of RR-P3HT/PCBM. The difference is partly due
to the difference in the blend morphology. Alternatively, the author proposes that the
larger singlet exciton would cause the larger #ncp in polymer/PCBM blends: the
dissociation efficiency and the interaction radius of singlet excitons are #cp = 30% and I
= 3.2 nm for RRa-P3HT, 70% and 4.2 nm for PCPDTBT, and >90% and 4.3—6.7 nm for

RR-P3HT. Subsequently, PCPDTBT dissociated polarons recombine bimolecularly with
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the power-law kinetics from a time scale of tens nanoseconds, while P3HT polarons decay
bimolecularly from a time scale of microseconds. Thus, the charge carrier lifetime in
PCPDTBT/PCBM blends is estimated to be as short as ~107’ s, which is comparable to the
charge collection time at the short circuit but shorter than the charge collection time at the
open circuit. Such short lifetime of PCPDTBT dissociated polarons would cause lower
charge collection efficiency especially as the applied voltage is approaching to Vpoc. It is
therefore concluded that the limited EQE of PCPDTBT/PCBM solar cells are ascribed
mainly to the lower charge dissociation and the shorter charge lifetime. In contrast, the
long lifetime of P3HT dissociated polarons is due to the reduced bimolecular
recombination. Such slow bimolecular recombination results from non-diffusion-limited
recombination due to the high dissociation efficiency in RR-P3HT/PCBM. In other
words, the high dissociation efficiency would be the origin of the reduced bimolecular
recombination in RR-P3HT/PCBM. On the other hand, the faster recombination in
PCPDTBT/PCBM results from the low dissociation efficiency, which is due to the
formation of the CT state at the interface because the dissociation from the CT state is
limited by the competitive geminate recombination. Such interfacial CT state would be
formed from the smaller singlet exciton because of the larger Coulomb interaction. It is
therefore concluded that the larger singlet exciton is the key to the higher dissociation
efficiency and the reduced recombination, which are essential for highly efficient polymer

solar cells.

5.5. Experimental
Materials: The following chemicals were used without further purification: PCBM (99.9%,
Frontier Carbon), 1,8-diodooctane (Wako), and chlorobenzene (Wako). The low-bandgap

polymer PCPDTBT was synthesized as described elsewhere.!”!
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Sample Fabrication: Polymer/fullerene blend films were prepared on glass substrates by
spin-coating from a chlorobenzene solution of polymers and PCBM with 2 vol% of
1,8-diiodooctane at a spin rate of 1000 rpm after the spin rate of 400 rpm (10 s) under
ambient conditions. The film thickness was typically 300 nm. The weight fraction of
PCBM was set at 50 wt%. The blend solution was stirred at 40 °C overnight to be
dissolved homogeneously. Before the spin-coating, the glass substrates were cleaned by
ultrasonic treatment in toluene, acetone, and ethanol sequentially for 15 min each, and then
with a UV—-ozone cleaner (Nippon Laser & Electronics Lab., UV253) for 1 h.

Measurements: Transient absorption data were collected in a nitrogen-purged quartz
cuvette with three different spectrometers as described below. The femtosecond transient
absorption data were collected with a pump and probe transient absorption spectroscopy
system (Ultrafast Systems, Helios). The pump light was second harmonic pulses (400 or
800 nm, fwhm 100 fs, 1 kHz) from a regeneratively amplified Ti-sapphire laser
(Spectra-Physics, Hurricane). The probe beam was detected with a CMOS linear sensor
(Ultrafast Systems, SPEC-VIS) for the visible wavelength range from 400 to 900 nm and
with an InGaAs linear diode array sensor (Ultrafast Systems, SPEC-NIR) for the near-IR
wavelength range from 850 to 1600 nm. The typical noise level of this system is lower
than 2 x 10™*.  The nanosecond transient absorption data were collected with a pump and
probe transient absorption spectroscopy system (Ultrafast Systems, EOS). The excitation
source was the same as that employed in the femtosecond system. The continuum probe
pulse (380 to 1700 nm, 0.5 ns pulse width, 20 kHz repetition rate) was generated by
focusing a Nd:YAG laser pulse into a photonic crystal fiber. The probe pulses were
synchronized with the femtosecond amplifier, and the delay time was controlled by a
digital delay generator electrically (CNT-90, Pendulum Instruments). For the

microsecond transient absorption measurement, the sample was excited with a light pulse
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(400 nm, 4 Hz) from a dye laser (Photon Technology International, GL-301) that was
pumped with a nitrogen laser (Photon Technology International, GL-3300), and probed
with a monochromatic light from a 50-W quartz tungsten halogen lamp (Thermo—ORIEL,
Model 66997) with a light intensity controller (Thermo—ORIEL, Model 66950), which was
equipped with appropriate optical cut-filters and two monochromators (Ritsu, MC-10N)
before and after the sample to reduce stray light, scattered light, and emission from the
sample. The probe light was detected with a pre-amplified Si photodiode (Costronics
Electronics) for the visible wavelength range from 700 to 1100 nm, and pre-amplified
InGaAs photodiode (Newport 1811s) for the near-infrared wavelength range from 900 to
1500 nm. The detected signal was sent to the main amplification system with an
electronic band-pass filter (Costronics Electronics) to improve the signal-too-noise ratio.
The amplified signal was collected with a 200-MHz digital oscilloscope (Tektronix,
TDS2022), which was synchronized with a trigger signal of the laser pulse from a
photodiode (Thorlabs, DET10A). The detectable absorbance change AOD is as small as

~107 = 107® depending on the measuring time domain.

5.6. Appendix
5.6.1. Hole Carrier Density on a Time Scale of Microseconds

The density of all hole charge carriers is estimated by eq. 5-Al.

n(t) = AOD(t) Na (1000 (t) | )" (5-Al)
where AOD(1) is the transient absorption signal measured at a delay time t, Nj is the
Avogadro’s constant (6.02 x 10% mol_l), e(t) is the molar absorption coefficient of hole
carriers, and | is the thickness of blend films. As reported previously, there is hole
injection from PCPDTBT to PCBM domains on a time scale of microseconds: the hole

injection time constant is zip; = 2 ps and the equilibrium fraction is PCPDTBT"' : PCBM" =
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70 : 30. Therefore, the charge carrier density is estimated on time-dependent molar
absorption coefficients &(t) defined as follows:

&(t) = epcporET XP(—t/Tinj) (5-A2)
where epcppreT is the molar absorption coefficient of PCPDTBT polaron (epcpprer =

40000 M~ em™).

5.6.2. Non-Diffusion-Limited Bimolecular Recombination
The apparent bimolecular recombination rate constant under steady state is derived as

follows. The concentration of free charge Nge. and CT state Ncr are given by

dnﬁee == nfzree + kdis nCT (5 'AS)
dt

dn
d;:T = 7nf2ree - (kdis + krec)nCT (5-A4)

Under steady-state approximation, dnct/dt = 0 can be assumed and hence obtain

dnfree —_ rec

5-A5
dt Ky, + ( )

2
7L nfrce
krec

Therefore, the apparent bimolecular recombination constant is reduced by Keeo/(Keee + Kais)

compared to the Langevin recombination constant yp.

5.6.3. Transient Absorption Spectrum on a Time Scale of Microseconds

AOD (a.u.)

)

1000 1200 1400
Wavelength / nm
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Figure5-A1l Transient absorption spectrum of PCPDTBT/PCBM blend film (50:50

w/w) fabricated with DIO at 0.5 s after the laser excitation at 400 nm.

5.6.4. Mobility Estimated by SCLC Method
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Figure 5-A2. J-V characteristics of a hole only device with a layer structure of

ITOIPCPDTBT:PCBMIAu. The broken lines show the fitting curves to the symbols.

The hole mobility is estimated to be 3.63 x 10~ cm* V™' 57,
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Chapter 6

Charge Generation and Recombination in Fluorene-based

Polymer Solar Cells

6.1. Introduction

Polymer/fullerene solar cells have made remarkable progress in recent years.
Currently, power conversion efficiency (PCE) of them is approaching to 10%.!"*'  This is
due largely to intensive developments in various conjugated polymers. There are two
synthetic strategies of conjugated polymers for improving the device performance of
polymer solar cells. One is to reduce the bandgap energy in order to increase the

short-circuit current density (Jsc).[“]

The other is to increase the ionization potential in
order to obtain larger open-circuit voltage (Voc).[6_8] As such, various fluorene-based
copolymers have been intensively developed because their optoelectronic properties can be
finely tuned by chemical modifications and copolymerization with various units.”™*
Some fluorene-based copolymers have ionization potentials larger than a benchmark
polymer of poly(3-hexylthiohene) (P3HT) that exhibits a modest Voc of ~0.6 V. For
example, a polymer solar cell based on a blend of a fluorene-based copolymer
poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5',8'-di-2-thienyl-2',3'-diphenylquinoxaline)] (N-P7)
and a Cy fullerene derivative ([70]PCBM) has shown a large Voc of 0.99 V and hence a
high PCE of 5.5%. 1314 Interestingly, the device performance, in particular Jsc, is

strongly dependent on the spin-coating solvent. This finding suggests that the device

performance is dependent on the phase-separated structures.
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Herein, the charge generation and recombination dynamics in N-P7/PCBM blends
fabricated with different spin-coating solvents by transient absorption spectroscopy were
studied. By analyzing the transient decay dynamics, the author evaluate the efficiency of
the exciton diffusion to a donor/acceptor interface, the efficiency of the the charge transfer
at the interface, and the efficiency of the charge dissociation into free carriers at the
interface. In addition, the efficiency of the charge collection to the electrode is evaluated
from the saturation current at a reverse bias voltage. As a result, it was found that the
device performance is primarily limited by the charge dissociation and collection
efficiency. These two processes are dependent on the blend morphology. Furthermore,
the author discusses the origin of such limitation in N-P7/PCBM solar cells by comparing

the efficiency of each fundamental process mentioned above with P3HT/PCBM solar cells.

6.2. Results
6.2.1 Photovoltaic Properties

Figure 6-1a shows the aborption spectra of N-P7/PCBM solar cells. The large
absorption band at 550 nm is ascribed to N-P7. The spectra suggest that the photon
absorption is due mainly to N-P7 because PCBM has no distinct absorption band in the
visible region. From the absorbance, the thickness of the active layer was estimated to be
220 nm for the device fabricated from chlorobenzene and 270 nm for the device fabricated
from chloroform. Note that the thickness is not optimized but rather adjusted to that of
P3HT/PCBM solar cells for comparison.!”  The photon absorption efficiency 74 can be
roughly estimated from twice the absorbance of the film assuming the 100% reflection at
the metal electrode and the 4% reflection loss at the air/glass interface. As shown in
Figure 6-1b, the photon absorption efficiency #a of the solar cell was ~0.8 for the device

fabricated from chlorobenzene and ~0.9 for the device fabricated from chloroform.
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Figure 6-1. a) Absorption spectra of N-P7/PCBM blend films fabricated from
chlorobenzene (solid line) and chloroform (broken line). b) Photon absorption efficiency
na calculated from twice the absorbance in the panel (a) assuming the 100% reflection at

the metal electrode and the 4% reflection loss.

Table6-1. The device parameters of N-P7/PCBM solar cells.

JSC /
Voc/V FF PCE/ %
mA cm™>
Chlorobenzene 9.15 0.92 0.41 3.45
Chloroform 7.64 0.92 0.40 2.83
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Figure 6-2. a) J-V characteristics of N-P7/PCBM solar cells fabricated from
chlorobenzene (solid line) and chloroform (broken line) under AM1.5G simulated solar
illumination at 100 mW cm™. The J-V characteristics in dark are also shown by
dashed-dotted and dashed double-dotted line for solar cell fabricated from chlorobenzene
and chloroform, respectively. b) EQE spectra of N-P7/PCBM solar cells fabricated from

chlorobenzene (solid line) and chloroform (broken line).

Figure 6-2a shows the J-V characteristics of N-P7/PCBM solar cells in the dark
and under the simulated solar illumination at 100 mW cm™>. The short-circuit current
density (Jsc) was ~9 mA cm™ for the device fabricated from chlorobenzene and ~8 mA

cm™2 for the device fabricated from chloroform. No distinct difference was found in Voc
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and fill factor. The device parameters are summarized in Table 6-1. This device
performance is slightly lower but comparable to that of N-P7/[70]PCBM solar cells
reported previously.!"*'  Figure 6-2b shows the EQE spectra of the N-P7/PCBM solar
cells. The EQE around 500 — 550 nm was ~45% for the device fabricated from

chlorobenzene and ~40% for the device fabricated from chloroform.

6.2.2 Transient Absorption

AOD (Normalized)

700 800 900 10001100
Wavelength / nm

Figure 6-3. Transient absorption spectra of N-P7/PCBM blend films fabricated from a)
chlorobenzene and b) chloroform. The excitation fluence was set at 8 pJ cm 2 at 400 nm.
The delay times are O (solid lines), 2 (broken lines), and 100 ps (dashed-dotted lines).

The dotted line in the panel (a) shows the spectra of N-P7 neat film at O ps.

Figure 6-3 shows the normalized transient absorption spectra of N-P7/PCBM

blend films. For N-P7/PCBM blend films fabricated from chlorobenzene, as shown in

129



Figure 6-3a, a large absorption band was observed at around 850 nm but the absorption
spectrum at 0 ps was different from the other spectra a few picoseconds after the laser
excitation: there was a spectral difference over 900 to 1200 nm. On the other hand, as
shown in Figure 6-3b, a large absorption band was observed at around 850 nm for
N-P7/PCBM blend films fabricated from chloroform. This band did not change at all
with time. For N-P7 neat films, as shown by the dotted line in Figure 6-3a, an absorption
band was observed at around 920 nm. This band is ascribed to N-P7 singlet exciton.
Therefore the small absorption observed over 900 to 1200 nm at O ps was ascribed to N-P7
singlet exciton. On the other hand, the large absorption band at around 850 nm decayed
in a few nanoseconds and was still observed on a time scale of microseconds even in an
oxygen atmosphere. Therefore the large absorption at around 850 nm was ascribed to
N-P7 polarons. This is consistent with the previous report: N-P7 polaron exhibits an
absorption peak with a molar absorption coefficient of ex.p;" = 40000 M~ cm™ at 850 nm.
Indeed, the transient absorption spectrum at O ps in Figure 6-3a can be well reproduced by
the sum of the absorption spectrum at 10 ps (N-P7 polaron and PCBM radical anion) and
the absorption spectrum of N-P7 singlet exciton. The rapid generation of N-P7 polarons
is consistent with the efficient fluorescence quenching.

To analyze the charge generation dynamics, the transient absorption spectra were
resolved into N-P7 singlet exciton and charged species (N-P7 polaron and PCBM radical
anion) by spectral simulation as mentioned above. Figure 6-4 shows the time evolution
of N-P7 singlet exciton and polaron in N-P7/PCBM blend films fabricated from
chlorobenzene. The N-P7 singlet exciton decayed exponentially with a time constant of
0.8 ps and N-P7 polarons were generated with the same time constant as the singlet decay.
Note that 80% of N-P7 polarons were promptly generated at 0 ps. As summarized in

Table 6-2, N-P7 polarons are generated in a few picoseconds in N-P7/PCBM blend films.
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Figure 6-4. Time evolution of N-P7 singlet exciton (closed circles) and N-P7 polaron
(open cirlcues) in N-P7/PCBM blend films fabricated from chlorobenzene. The broken
lines show the fitting curves by exponential functions: AOD = A exp(—t/z4) for the decay

and A[1 — exp(—t/7;)] + B for the rise kinetics with 74 = 7, = 0.8 ps.

Such a rapid charge generation has been observed for amorphous blend films."®  As

[17,18] In

reported previously, fluorene-based copolymers forms amorphous films.
amorphous film, PCBM molecules are likely to be homogeneously dispersed. Thus,
polymer singlet excitons should be quenched promptly by neighboring PCBM molecules
in a few picoseconds when the exciton diffusion is generally negligible. The slight
difference in the charge generation dynamics observed for the two blend films indicates
that there are some differences in phase-separated structures of PCBM even in amorphous
films. In any case, N-P7 polarons are rapidly generated in a few picoseconds, which is
much shorter than the lifetime of N-P7 singlet exciton (1.9 ns). Thus, the efficiency of
the exciton diffusion #gp and the charge transfer #cr is estimated to be unity. After a few

picoseconds, the absorption spectra remained the same up to nanoseconds and were

independent of the spin-coating solvent and the PCBM fraction. These spectra suggest
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that similar charge separated states are formed in these blends on a time scale of

picoseconds.

Time / ns

Figure 6-5. Time evolution of transient signals of N-P7 polaron in a N-P7/PCBM blend
film fabricated from chlorobenzene probed at 900 nm. The laser fluence is 1 to 4 pJ cm>
at 400 nm. The broken lines show the fitting by an exponential function with a constant

fraction: AOD = A exp(-t/z,) + B with 7, =900 ps and A : B =30 : 70.

Table6-2. Kinetic parameters for the geminate recombination in N-P7/PCBM blends.

7w / S B/ % Kyis / 87" Keee / 57"
Chlorobenzene 0.9 70 8 x 108 3x 108
Chloroform 1.2 65 5% 10° 3% 10°

kgis: dissociation rate constant of CT state, K...: recombination rate constant of CT state.

Next the author focuses on the recombination dynamics on a time scale of
nanoseconds. Figure 6-5 shows the time evolution of transient signals at 900 nm (N-P7
polaron) observed for N-P7/PCBM blend films fabricated from chlorobenzene. As shown

in the figure, the decay dynamics was independent of the excitation intensity. This
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suggests monomolecular recombination. Note that the polaron decay was in good
agreement with the photobleaching recovery (see the Appendix). This shows that the
recombination to the ground state. As shown in the figure, the polaron decay was well
fitted by an exponential function with a constant fraction: AOD = A exp(-t/t) + B. As
summarized in Table 6-2, the lifetime of polarons is about ~1 ns for both blends. This is
in good agreement with the lifetime of the CT emission observed for blend films of
fluorene-based copolymer and PCBM.!"*?'  Therefore polaron band at around 850 nm is
ascribed to the CT state, which is coulombically bound pair of N-P7 polaron and PCBM
radical anion at the heterojunction. On the basis of these assignments, the rate constants
of CT state dissociation kg;s and CT state recombination k.. and the charge dissociation
efficiency ncp are estimated by the following equations with the kinetic parameters
obtained.

Kree + Kais = T ' (6-1)

ncp = Kais/(Kree + Kais) = Kais 7m = B/(A + B) (6-2)
As summarized in Table 6-2, ke is 3 x 10° s™' for both blends while Ky is 8 x 10° s~
(chlorobenzene) and 5 x 10® s™! (chloroform), and nep is 0.7 (chlorobenzene) and 0.65
(chloroform). This finding suggests that the charge dissociation efficiency #cp is
primarily dependent on kg rather than k... As discussed later, this is probably because
Kqis is dependent on the blend morphology while K. is dependent on the CT state at the
donor/acceptor interface.

The author moves onto the bimolecular recombination of free charges on a time
scale of microseconds. Figure 6-6 shows the decay dynamics of N-P7 polarons in
N-P7/PCBM blends under various excitation conditions. The charge carrier density n(t)

was estimated as described in the Appendix. All the decay dynamics was well fitted by
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an empirical power-law equation: n(t) = ny(1+at)™* with a = 0.42 for blend films fabricated

from chlorobenzene and o = 0.23 for blend films fabricated from chloroform.

-3

Nn/cm

Time /s

Figure 6-6. Time evolution of the charge carrier density in N-P7/PCBM blend films
fabricated from a) chlorobenzene and b) chloroform. The fluence is varied from 0.6, 1, 3,
6, and 60 pJ cm 2 from bottom to top. The gray broken lines show the fitting curves by a

power-law function: n(t) = ny(1 + at)™ with a = a) 0.42 and b) 0.23.

The power-law kinetics with a < 1 1is characteristic of trap-limited bimolecular

recombination.?!

From the fitting of these dynamics, the bimolecular recombination rate
y(n) and the charge carrier lifetime 7. are obtained by

»(n) = agn,~en(1e-! (6-3)

7= [y(Nongl ' = (aa)”' (6-4)

As shown in Figure 6-7, the charge carrier lifetime is of the order of ~107® s for the device

fabricated from chlorobenzene and <107 s for the device fabricated from chloroform at a
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charge density of ~10' — 10" cm™.

Note that 7. is the upper limit for blend films
fabricated from chloroform because no inflection point was observed in the time range

measured. Details will be discussed in the following section.
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Figure 6-7. Charge carrier lifetime z. in N-P7/PCBM blend films fabricated from
chlorobenzene (closed circles) and chloroform (opened circles) plotted against the initial

carrier density Ng. Note that the 7. for chloroform is the upper limit.

6.3. Discussion

To address the origin of the difference in the solvent-dependent device
performance of N-P7/PCBM solar cells, the author discusses here the efficiency of each
photovoltaic conversion process after the photon absorption: the efficiency of the exciton
diffusion to a donor/acceptor interface #gp, the efficiency of the charge transfer at the
donor/acceptor interface 7cr, the efficiency of the charge dissociation into free carriers at
the donor/acceptor interface 7ncp, and the efficiency of the charge collection to each
electrode 7cc.  As mentioned before, no difference is found in #gp or #cr for N-P7/PCBM
solar cells, both of which are almost unity independently of the spin-coating solvent. This
is because PCBM molecules are homogeneously dispersed in amorphous blend films.

Thus, the author focuses on the charge dissociation and collection efficiency.
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The charge dissociation efficiency #cp is dependent on the spin-coating solvent:
nep = 0.7 (chlorobenzene) is larger by 7% than 5cp = 0.65 (chloroform). This is because
Kis is 1.6 times larger for chlorobenzene than for chloroform while Ke. is almost
independent of the spin-coating solvent. The larger ky;s is due to the formation of larger
PCBM aggregates in blend films fabricated by chlorobenzene rather than chloroform.
Such large PCBM aggregates are consistent with the relatively slow exciton quenching in
blend films fabricated by chlorobenzene. Janssen et al. have reported for another
fluorene-based solar cell that the formation of PCBM nanocrystals would promote the

(221" The same would be

charge dissociation because of the higher local electron mobility.
true for N-P7/PCBM solar cells. On the other hand, the solvent-independent K. is
indicative of a similar CT state at the donor/acceptor interface. This is consistent with the
solvent-independent transient absorption spectra of the CT state as shown in Figure 6-3.
Thus, it is concluded that the charge dissociation efficiency #cp is primarily dependent on
the blend morphology rather than the CT state at the donor/acceptor interface.

To evaluate the charge collection efficiency #cc, the author focuses on the J-V
characteristics of N-P7/PCBM solar cells in the dark and under the illumination. As
shown in Figure 6-2, the photocurrent profile is different from the darkcurrent diode profile.
This finding suggests that the photoinduced current Jp,(V) is dependent on the applied
voltage V as follows:

JV) = Ju(V) = Fpn(V) = Ja(V) — qGd 57¢c(V) (6-5)

to qGd because 7cc(Vsa) = 1. Thus, ncc(V) can be obtained by

nec(V) = [Ja(V) = IV [I(Vsa) = Ja(Vsar)] (6-6)
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Figure 6-8. Charge collection efficiency 7ncc(V) of N-P7/PCBM solar cells fabricated
from chlorobenzene (solid line) and chloroform (broken line) plotted against applied
voltage. The dotted line shows the charge collection efficiency #cc(V) of P3HT/PCBM

solar cells, which is taken from Ref 15.

Figure 6-8 shows 75cc(V) of N-P7/PCBM solar cells fabricated from chlorobenzene and
from chloroform and in addition #7cc(V) of P3BHT/PCBM solar cells for comparison. For
N-P7/PCBM solar cells fabricated from chlorobenzene, as shown in the figure, the charge
collection efficiency is 7cc = 0.8 under the short circuit condition, decreases with
increasing voltage, and drops down to 0.57 at the maximum power voltage. Similarly, the
charge collection efficiency of N-P7/PCBM solar cells fabricated from chloroform is #cc =
0.7 under the short circuit condition and drops to 0.47 at the maximum power voltage. In
contrast, as shown by the dotted line in Figure 6-8, the charge collection efficiency of
P3HT/PCBM solar cells is as high as #cc = 0.9 under the short circuit condition and still
more than 0.8 at the maximum power voltage. This is a clear difference between
N-P7/PCBM and P3HT/PCBM solar cells, which is discussed later in details. As

summarized in Table 6-3, the product of all the efficiency Ilx; is 0.45 for blend films
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fabricated from chlorobenzene and 0.4 for blend films fabricated from chloroform. These
are consistent with the observed EQE as shown in Figure 6-2. This suggests that all the

efficiency evaluated from the transient study is closely related to the device performance.

Table6-3. The photovoltaic conversion efficiency in N-P7/PCBM blends.

na NED ncr nco Nce Iy
Chlorobenzene ~0.8 1 1 0.7 0.8 0.45
Chloroform ~0.9 1 1 0.65 0.7 0.4

a
Ini = na nED et Hep Nee

To discuss the solvent-dependent #cc, the author focuses #cc (V = 0 V) under the
short circuit condition where 7cc is larger for the N-P7/PCBM solar cell fabricated from
chlorobenzene than that from chloroform. The charge collection time at a voltage of 0 V
can be roughly estimated to be tCCSC =5%x10"s (chlorobenzene) and tCCSC =4x10°s
(chloroform) as a transit time ddc/(Vyu) where d is the thickness of the active layer, dc is
the average collection length (= d/2), V, is the internal bias voltage at the short circuit (~
Voc), and u is the charge mobility. The difference in tCCSC 1s due to the difference in the
charge mobility and the thickness: u, = 5 X 10 cm? V! s_l, d = 220 nm (chlorobenzene);
tn =1 X 10* ecm? V7' 7!, d = 270 nm (chloroform). For the device fabricated from
chlorobenzene, the charge carrier lifetime 7. of N-P7 polarons is longer than the collection
time tcc>C even at a charge density of ~10'® cm™ as shown in Figure 6-7. At the short
circuit, the charge carrier lifetime 7. should be much longer because of the lower charge
density. In other words, #cc should be dependent on the charge collection time rather
than the charge carrier lifetime. For the device fabricated from chloroform, on the other

hand, the charge carrier lifetime 7. of N-P7 polarons is shorter than the collection time
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tCCSC. Thus, 7ncc should be limited by the charge carrier lifetime rather than the charge
collection time. In summary, the lower 7cc for the device fabricated from chloroform is
ascribed to the longer charge collection time and the shorter charge carrier lifetime.

Finally, the difference in the device performance between N-P7/PCBM with
P3HT/PCBM solar cells is discussed. Here, the author focuses on N-P7/PCBM solar
cells fabricated with chlorobenzene and P3HT/PCBM solar cells. As mentioned before,
the voltage-dependence 7ncc(V) is different between them especially at around Voc.  Under
the open circuit condition, the charge collection time at around Vpc can be roughly
estimated to be tcc®® =5 x 107 s as a diffusion time dc*/(2D) = qd*/(8ksTy) where D is the
diffusion constant of charge carriers (= ukgT/Q), kg is the Boltzmann constant, and T is
temperature. As shown in Figure 6-7, the charge carrier lifetime 7. of N-P7 polarons is
comparable to the collection time tCCOC at a charge density of ~10'° cm'3, which is a
typical density under the open circuit condition. In other words, most of charge carriers
would recombine before the charge collection at around Vpc. In contrast, the charge
lifetime in P3BHT/PCBM solar cells has been reported to be still longer than the charge
collection time even at around VOC.[24,25] As a result, P3BHT/PCBM solar cells exhibit a
relatively high fill factor even with a thickness of ~200 nm. Such long lifetime of charge
carriers results from the reduced recombination in P3HT/PCBM: the bimolecular
recombination rate y is at least two orders of magnitude slower than the Langevin
recombination rate y;, which is given by q(ue + un)/ceo where p. and uy are the electron and
hole mobility, respectively, and ¢ is the dielectric constant of the charge transport material,

and ¢y is the vacuum permittivity.[%]

Recently, the author proposed that the reduced
recombination is due to non-diffusion-limited recombination where the apparent

recombination rate y, is given by Keo/(Kec + Kqis)y under the steady state condition. In

P3HT/PCBM solar cells, most of free charge carriers are promptly generated at the
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donor/acceptor interface on a time scale of <0.1 ps (Kgs > 10" s_l). At disordered
interface, some polarons recombine geminately with a rate constant of K. = 10°s™".  Thus,
v, would be reduced by Keee/(Keee + Kais) = 107~ relative to yL.  On the other hand, Keee/(Keec +
Kais) is as large as ~0.3 for N-P7/PCBM solar cells fabricated from chlorobenzene. Indeed,
3

the bimolecular recombination rate y is evaluated to be y =~ 4 x 107" cm’ s, which is

3711271 The small reduction is

reduced by a factor of 0.25 relative to y. = 2 x 107'% cm
due to the comparable K. and kg of the CT state at the interface. The small reduction in
y 1s due to the short lifetime of the CT state at the interface: krec is as large as kdis. Such
large krec has been reported for many compact donor-acceptor dyad systems with small

separation distance because of the large electronic coupling.[28’29]

We therefore propose
that the formation of the CT state at the interface cause the faster bimolecular

recombination in N-P7/PCBM than in P3HT/PCBM blends.

6.4. Conclusion

The charge generation and recombination dynamics were studied by transient
absorption spectroscopy for N-P7/PCBM blend films fabricated spin-coating from
difference solvents such as chlorobenzene and chloroform. Upon the photoexcitation,
N-P7 singlet excitons rapidly decay and N-P7 polarons are promptly generated with 100%
efficiency in a few picoseconds for both blend films. Thus, the exciton diffusion and
charge transfer efficiency is estimated to be #gp = 1 and #cr = 1. In a nanosecond, the
N-P7 polarons are ascribed to the CT state at the heterojunction because the
monomolecular decay constant is consistent with the lifetime of the CT emission reported
previously. The majority of N-P7 polarons in the CT state are dissociated into free
carriers and the rest of them recombine to the ground state. The dissociation efficiency is

estimated to be #cp = 0.7 for the device fabricated from chlorobenzene and #cp = 0.65 for
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the device fabricated from chloroform. The higher #cp is due to the larger dissociation
rate Kgis. The recombination rate K. is rather independent of the spincoating solvent.
This is probably because the CT state is dependent on the donor/acceptor materials but less
dependent of the blend morpholgy. This is consistent with the solvent-independent
transient absorption spectra of the CT state. On the other hand, the larger dissociation
rate kg5 is due to larger PCBM aggregates in the device fabricated from chlorobenzene.
This would be promoted by the higher local electron mobility and the improved separation
of CT states at the donor/acceptor interface as reported previously. The charge collection
efficiency 7cc is evaluated from the saturated current at a reversed bias voltate of the
devices. As a result, it is estimated to be ncc = 0.8 for the device fabricated from
chlorobenzene and #cp = 0.7 for the device fabricated from chloroform. The difference in
nep 1s due to the difference in the charge collection time and the charge lifetime. In
summary, #gp of N-P7/PCBM solar cells is higher than that of P3HT/PCBM solar cells.
This is because PCBM molecules are likely to be homogeneously dispersed in amorphous
N-P7/PCBM blends. On the other hand, #cp and 5cc of N-P7/PCBM solar cells are lower
than those of P3HT/PCBM solar cells. This is due to the formation of the CT state at the
donor/acceptor interface in N-P7/PCBM blends. Thus, the dissociation from the CT state
is limited by the competitive recombination to the ground state. The relatively low
dissociation efficiecy is less beneficial for the reduced bimolecular recombination. This
is in contrast to that observed in P3HT/PCBM with high dissociation efficiecy. The
author propose that high dissociation efficiency is the key to highly effcient performance

especially for polymer solar cells with thick active layer.
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6.5. Experimental

For the device fabrication, indium/tin oxide (ITO)-coated glass substrates (10 Q
per square) were washed by ultrasonication in toluene, acetone, and ethanol for 15 min,
dried with Nj, and then cleaned with a UV-O; cleaner (Nippon Laser & Electronics
NL-UV253S) for 30 min. A thin layer (~40 nm) of
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS; H. C. Starck,
PH500) was spin-coated onto the cleaned substrates at a spin rate of 3000 rpm, and the
layer was dried at 140 °C for 10 min in air. The solution of PEDOT:PSS was filtered
using a 0.45-um PTFE syringe filter prior to the spin coating. A blend layer of
N-P7/PCBM (~200 nm) was spin-coated from a chlorobenzene or chloroform solution.
Finally, LiF (1 nm)/Al (80 nm) was thermally deposited on top of the active layer at 2.5 x
107 Pa.

Blend films of N-P7 and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) were
fabricated by spin-coating on a glass substrate from chloroform or chlorobenzene solution.
The glass substrates were washed as mentioned above. The N-P7 polymer was supplied
from Toray Industries, Inc and PCBM (99.9%) was purchased from Frontier Carbon, both
of which were used without further purification. The transient absorption measurements
were performed for these sample films over the time range from picosecond to
microsecond in nitrogen atmosphere. The apparatus employed here has been described in

the Capter 3.
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6.6. Appendix

6.6.1. Transient Photobleaching Decay Dynamics

Time / ns

Figure 6-Al. Time evolution of transient signals of N-P7/PCBM blend films fabricated
from chlorobenzene: a) N-P7 polaron at 900 nm, b) photobleaching at 530 nm. The

fluence is 2 pJ cm 2 at 400 nm.

6.6.2. Charge Carrier Density Estimation

The density of charge carrier density is estimated by the Equation 6-Al.

n(t) = AOD(t) Na (1000 &(t) | )" (6-Al)
where AOD(1) is the transient absorption signal measured at a delay time t, Nj is the
Avogadro’s constant (6.02 x 10 mol™), &(t) is the extinction coefficient of positive
carriers, and | is the thickness of blend films. Note that in time regime, positive carrier
composition changed exponentially with time constant of 7,; = 15 ns toward
N-P7":PCBM" = 40:60 by hole injection process (see the Chapter 3); therefore, the charge
carrier density is estimated on a time-dependent extinction coefficients &(t) defined as
following equation:

&(t) = exp(—t/zinj) epcam’ + [1— exp(—t/7inj)] pcem” (6-A2)
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where enp;” and epcpy’ are the extinction coefficient of N-P7 cation and PCBM

cation(enp7” = 35000 M~ cm™ and epcpm’ = 9000 M~ em™).

6.6.3. Hole Mobility of N-P7/PCBM Blend Films
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Figure 6-A2. J-V characteristics of a hole only device with a layer structure of
ITOIN-P7:PCBMIAu fabricated from (a)chlorobenzene and (b)chloroform. The broken
lines show the fitting curves to the symbols. The hole mobilities are estimated to be 4.7 x

10™*and 9.4 x 10 cm® V™' 57! for chlorobenzene-film and chloroform-film, respectively.
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Summary

The author investigated photovoltaic conversion mechanism in polymer/fullerene
solar cells. On the basis of photophysical and device physical studies, the photovoltaic
conversion was discussed in terms of each elemental process.

In Chapter 2, photogenerated charge carriers in blend films of
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) were investigated by transient
absorption spectroscopy. The blend film with a low PCBM fraction (<10 wt%) exhibited
wide absorption ranging from 900 to 1000 nm, which is characteristic of the MDMO-PPV
hole polaron and PCBM radical anion. On the other hand, the blend film with a higher
PCBM fraction (>30 wt%) exhibited a major absorption band at ~900 nm, which is
characteristic of the PCBM radical cation. For identification of charge carriers, the
absorption spectrum and molar absorption coefficient of each charged species were
evaluated separately using various combinations of electron donor and acceptor materials.
Consequently, the MDMO-PPV hole polaron was found to have a broad absorption at ~950
nm and the PCBM radical anion and cation showed a distinct absorption at 1020 and at 890
nm, respectively. On the basis of these absorption spectra, the transient spectra observed
for the blend films were simulated. The spectrum for a low PCBM fraction was well
reproduced by a superposition of the absorption spectra of MDMO-PPV hole polaron and
PCBM radical anion. On the other hand, the spectrum for a high PCBM fraction was well
reproduced by superposition of the absorption of the MDMO-PPV hole polaron, PCBM
radical anion, and PCBM radical cation, indicating that the PCBM radical cation is formed

in the blend films with PCBM at a high concentration of PCBM.
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In Chapter 3, the charge carrier dynamics in blend films of PCBM and conjugated
polymers with different ionization potentials was measured by transient absorption
spectroscopy in order to study the formation mechanism of the PCBM radical cation,
which described in Chapter 2. On a time scale of nanoseconds after the photoexcitation,
the polymer hole polaron and PCBM radical anion were observed but no PCBM radical
cation was found in the blends. Subsequently, the fraction of polymer hole polaron
decreased and instead that of PCBM radical cation increased with time. Finally, the
fraction of PCBM radical cation became constant on a time scale of microseconds. The
final fraction of PCBM radical cation was dependent on the ionization potential of
polymers but independent of the excitation wavelength. These findings show that the
formation of PCBM radical cation is due to hole injection from polymer to PCBM domains.
Furthermore, the energetic conditions for such hole injection in polymer/PCBM blend
films are discussed on the basis of the Monte Carlo analysis for hole hopping in a
disordered donor/acceptor heterojunction with varying energetic parameters.

In Chapter 4, the origin of the open-circuit voltage (Voc) was studied for polymer
solar cells based on a blend of regioregular poly(3-hexythiphene) (RR-P3HT) and seven
fullerene derivatives with different LUMO energy levels and side chains. The
temperature dependence of J-V characteristics was analyzed by an equivalent circuit
model. As a result, Voc increased with the decrease in the saturation current density Jy of
the device. Furthermore, Jy was dependent on the activation energy E, for Jy, which is
related to the HOMO-LUMO energy gap between P3HT and fullerene. Interestingly, the
pre-exponential term Jyo for Jy was larger for pristine fullerenes than for substituted
fullerene derivatives, suggesting that the electronic coupling between molecules also has
substantial impact on Voc.  This is probably because the recombination is a

non-diffusion-limited reaction depending on electron transfer at the RR-P3HT/fullerene
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interface. In summary, the origin of Voc is ascribed not only to the relative
HOMO-LUMO energy gap but also to the electronic couplings between fullerene/fullerene
and polymer/fullerene.

In Chapter 5, the charge -carrier dynamics in blend films of
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ |dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT) and PCBM were studied by transient absorption
spectroscopy in order to address the origin of limited external quantum efficiency (EQE) of
this solar cell compared to that of a benchmark solar cell of RR-P3HT and PCBM. Upon
the photoexcitation, PCPDTBT polarons are promptly generated from the PCPDTBT
singlet exciton with almost 100% efficiency in a picosecond. In other words, the exciton
diffusion efficiency #gp and charge transfer efficiency #cr are 100% in this blend, which is
higher than and comparable to those of the RR-P3HT/PCBM solar cell, respectively. On
a time scale of nanoseconds, 70% of PCPDTBT polarons are dissociated into free charge
carriers and the others recombine geminately to the ground state through the interfacial
charge transfer (CT) state. The charge dissociation efficiency ncp = 70% is lower than
that of RR-P3HT/PCBM solar cell. The dissociated PCPDTBT polarons recombine
bimolecularly on a time scale of nano- to microseconds with a charge lifetime of ~107" s,
which is shorter than that observed for RR-P3HT/PCBM blends. In summary, the lower
charge dissociation efficiency and shorter charge lifetime are the limiting factors for the
photovoltaic performance of PCPDTBT/PCBM solar cells. Furthermore, the origin of
such limitation is also discussed in terms of the charge dissociation and recombination
through the interfacial CT state in PCPDTBT/PCBM blends.

In Chapter 6, the charge generation and recombination dynamics in blend films of
poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5",8’-di-2-thienyl-2’,3’-diphenylquinoxaline)]

(N-P7) and PCBM was studied by transient absorption spectroscopy in order to address the
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limiting process of the photovoltaic conversion. Upon photoexcitation, N-P7 singlet
excitons are promptly converted to the interfacial charge transfer (CT) state, which is a
coulombically bound pair of the N-P7 polaron and PCBM radical anion, with 100%
efficiency in a few picoseconds. More than half of the N-P7 polarons in the CT state are
dissociated into free carriers and the rest of them recombine to the ground state in a
nanosecond. The dissociation efficiency is estimated to be ~0.7 for the device fabricated
from chlorobenzene and ~0.65 for the device fabricated from chloroform, suggesting that it
is primarily dependent on the blend morphology. From the saturated current at a
sufficiently reverse bias voltage, the charge collection efficiency is estimated to be ~0.8 for
the device fabricated from chlorobenzene and ~0.7 for the device fabricated from
chloroform. In summary, the charge dissociation and collection are the processes limiting
the photovoltaic performance of N-P7/PCBM solar cells. The origin of the limitation in
N-P7/PCBM solar cells is also discussed in terms of the charge collection time and the

charge lifetime.
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