Chapter 10 ®
Solar Cell Applications of n-Conjugated e
Molecules

Kouki Akaike and Kaname Kanai

Abstract Because organic molecules possessing extended m-conjugation show
strong absorption in the visible region of the solar spectrum, they have been used
as dyes in solid-state photovoltaic devices known as organic solar cells (OSCs).
The power-conversion efficiency of tandem OSCs already reportedly exceeds 17%
by processing state-of-the-art polymer donors and non-fullerene acceptors from
their mixed solution, but this efficiency is still far below that of silicon-based solar
cells (~25%). Deep understanding of the fundamental aspects of OSC operation,
such as the mechanism for free-charge generation and the interfacial electronic and
morphological properties, is now recognized as being vital to establishing well-
defined guidelines for designing material interfaces and device structures and for
improving the performance of OSCs. In this chapter, we give a brief historical
review of solar cells and the operational mechanism of OSCs, as well as recent
developments of new donors, acceptors, and interface modifiers. We then give
a thorough explanation of the electronic structure of photoactive m-conjugated
molecules and their interfaces used in OSCs based on recent studies, with links
to OSC performance.
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10.1 Introduction

Fossil fuels have been consumed abundantly to produce the energy that has been
essential for developing and sustaining human civilization. However, with global
economic growth and improved quality of life, electricity demand is increasing
steadily, as are concerns about how much fossil fuel remains. This urgent problem
regarding the natural environment has prompted researchers to develop devices
that can produce energy in ways that are environmentally friendly, renewable, and
sustainable. The solar cell is a promising energy device that utilizes the photovoltaic
effect to convert the energy of sunlight into electrical energy. As most readers
already recognize, silicon-based solar cells are well-established in the market; they
can be found to be mounted on buildings and houses or placed on the ground to
generate electricity collectively from an abundant natural resource. The discovery of
the photovoltaic effect can be traced back to Becquerel’s work on liquid electrolytes
in 1839 [1]. In 1954, Chapin et al. at Bell Laboratory reported a p-n junction silicon
solar cell with a power-conversion efficiency of 6% [2]. Since then, many different
semiconducting materials have been used as the photoactive layer (or simply the
active layer) in solar cells.

Let us describe briefly the solar spectral irradiance distribution collected by
the National Renewable Energy Laboratory (NREL) [3] (Fig. 10.1a). Outside the
Earth’s atmosphere (extraterrestrial), the solar spectrum is approximated as the
irradiance emitted from a black body at 5800 K with a peak at ~500 nm. However,
we have to consider the influence of the atmosphere when considering the solar
irradiance that reaches the Earth. This is because photons with higher energies
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Fig. 10.1 (a) Solar spectral irradiance distribution. G and D after AM1.5 denote global total
spectral irradiance and direct normal spectral irradiance, respectively. AM1.5 G includes the
surrounding ground and the blue sky. AM1.5 D includes the direct beam from the sun plus the

circumsolar component in a 2.5° disk around the sun. (b) Schematic structure of solar cell with
load Ry, and photocurrent /
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(i.e., ultraviolet and blue light) are scattered (Rayleigh scattering) and absorbed by
water vapor in the atmosphere, thereby reducing the spectral irradiance that reaches
the Earth.

To express the atmospheric influence on solar spectra, we use the air mass (AM)
expressed by 1/cosf, where 6 is the zenith angle. The AM denotes the volume of
air that solar light travels through before reaching the Earth’s surface. An angle of
6 = 48.19° gives an AM of 1.5, which is often denoted as AM1.5. For the standard
characterization of solar cells, a light source with an energy of 100 mW cm™2
is used that is filtered to match the AM1.5 spectral irradiance (Fig. 10.1a). The
semiconducting material used in the solar cell must absorb photons corresponding
to the AML1.5 irradiance, ideally up to the near-infrared range, in order to produce
more photocurrent from sunlight. The absorption ability of the material is related to
its optical band gap (Eg,opt), Which is defined as the energy difference between the
valence band and the conduction band. For organic molecules, Eg o is determined
by the energy difference between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) and by the exciton binding
energy due to the low dielectric constant of organic molecules. Photons with
energies greater than Eg op can excite electron from occupied states into unoccupied
states. The smaller Egop is, the more photons are absorbed from sunlight. For
example, Si has a (indirect) band gap of 1.1 eV, which enables photoabsorption
at wavelengths below 1200 nm.

The basic structure of a solar cell is a semiconductor (e.g., Si, GaAs) sandwiched
between a transparent electrode [e.g., indium tin oxide (ITO)] and a back contact
such as Al (Fig. 10.1b). Free carriers generated upon photoabsorption within the
semiconductor photoactive layer result in a photocurrent /, and electrical energy is
extracted from a load Ry..

Among the various types of solar cell, we focus here on organic solar cells
(OSCs) that are based on m-conjugated small molecules and polymers. OSCs
have attracted tremendous amounts of interest, and the current record for power-
conversion efficiency is held by a multi-junction (tandem) OSC at over 17%
[4]. Compared to inorganic semiconductors, hydrocarbon solids tend to be “soft”

Fig. 10.2 (a) Photograph of the standing meniscus during slot-die coating of the active layer
of an OSC comprising many very tightly spaced stripes. (b) A total of 48 stripes are coated
simultaneously. (¢) Knife coating with an open ink reservoir and a manual feed hose. (Reprinted
with permission from Ref. [5])
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because the molecules aggregate in the solid state as a result of van der Waals
intermolecular interaction (mainly the London dispersion force). The mechanical
softness of organic semiconductors allows us to fabricate flexible solar cells on
plastic substrates that could be attached even to curved walls and windows and to
fabricate such flexible OSCs by means of the roll-to-roll processes (Fig. 10.2) [5]. In
addition, thanks to advanced organic synthesis, it is possible to functionalize organic
semiconductors in order to dissolve them into common solvents. Using solution
processes such as dip coating and spin coating to fabricate OSCs can therefore
reduce the associated production costs, resulting in a shorter payback time (i.e.,
the time required to recoup the initial investment).

The first reported use of organic molecules for photoelectric conversion was
in 1906 [6]. Subsequently, Prof. Inokuchi referred to m-conjugated molecules
that show electrical conduction as an organic semiconductor after he found
photoconduction in thin films of violanthrone [7, 8]. Since then, the potential of
organic semiconductors as electronic components in devices such as light-emitting
diodes [9, 10] has been explored rigorously. In the early stages of OSC research,
porphyrins, phthalocyanines, and merocyanines were used as the active layer in
Schottky-barrier OSCs [11]. However, in spite of their high absorption coefficients
in the visible range of the solar spectrum and the high crystallinity of their vacuum-
deposited films, power-conversion efficiency of OSCs based on these molecules was
limited to 0.7% at most in the early 1980s [11]. This was despite efforts to increase
carrier concentration and thus conductivity by doping with oxygen and gaseous
halogens, for example [11].

However, C. W. Tang of Kodak achieved the efficiency of 1.0% for an OSC
with a bilayer structure consisting of copper phthalocyanine (CuPc; molecular
structure is shown in Fig. 10.3) and a perylene derivative [12—14]. This prompted
worldwide interest in the synthesis of photoactive materials, the optimization of
device configurations, and interface engineering to develop more efficient OSCs.

Figure 10.3 shows representative organic semiconductors for the photoactive
layer of an OSC. Before use, the semiconducting organic molecules have to be
purified sufficiently because material purity severely influences the fill factor and
hence the overall device efficiency [15—17]. The abbreviation for each molecule is
given in the figure caption. For Schottky-barrier OSCs, one organic semiconductor
is used as the sole component for photoelectric conversion and is sandwiched
between the anode (hole-collecting electrode) and cathode (electron-collecting
electrode) (Fig. 10.4a). By the late 1980s, most OSC devices were based on this
simple structure. At that time, the performance based solely on phthalocyanine and
merocyanine was poot, as already mentioned. However, fullerenes and SubPc have
recently been found to work more efficiently as the photoactive layer in Schottky-
barrier OSCs using MoOj3-covered ITO substrates [18, 19]. Because the work
function of MoO3 can be as high as 6.8 eV, it is possible to form a huge electric
field at the MoOs/organic interface as a consequence of the electronic equilibrium
there (see Sect. 10.4 for details). The resulting electric field may support carrier
extraction and separation within the organic layer. Inserting an exciton blocking
layer between the MoO3 and the active layer can lead to a significantly improved
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Fig. 10.3 Molecular structures of donors and acceptors used in OSCs. CuPc and ZnPc, copper
and zinc phthalocyanine; 6T, sexithiophene; DIP, diindenoperylene; DTS(PTThy),, 5.5'-
bis{(4-(7-hexylthiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine)-3,3’-di-2-ethylhexylsilylene-2,2’
-bithiophene; P3HT, poly(3-hexylthiophene); PTB7, thieno[3,4-b]thiophene-alt-benzodithiophene
copolymer; PCg1BM, [6,6]-phenyl-Cg;-butyric acid methyl ester; SubPc, subphthalocyanine;
Fi6CuPc, perfluorinated CuPc; phenyl-PDI, N,N-bis(n-octyl)-2,5,8,11-tetraphenyl-PDI;
P(NDI2DT-FT2), polymer composed of a 3,3'-difluoro-2,2'-bithiophene and a NDI with
2-decyltetradecyl side chains; ITIC, 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-inddaceno[ 1,2-b,5,6-b’]dithiophene

short-circuit current and fill factor and hence to a power-conversion efficiency of 2%
[19]. Single-component OSCs comprising a donor-acceptor copolymer also show
relatively high performance because photoelectric conversion occurs between the
donor and acceptor components within a single molecule, thereby forming a clear
carrier-transport path for charge extraction in the solid state [20, 21].

For more efficient carrier generation, a planar heterojunction (PHJ) of two
dissimilar organic semiconductors (Fig. 10.4b) is preferable. This is because
strongly bound excitons can split efficiently into free holes and electrons by using
the energy offsets of the highest occupied molecular orbitals (HOMOs) or lowest
unoccupied molecular orbitals (LUMOs) between the interfacing molecules as
driving forces (see Fig. 10.5). Besides, transporting holes and electrons in the
different materials supports that they can individually travel toward respective
electrodes, which suppresses charge recombination. Molecules that transport holes
and electrons are referred to as donors and acceptors, respectively. The molecules
shown in Fig. 10.3 are classified roughly into these two categories.

A standard choice as the acceptor is Cgo because of its high electron affinity,
excellent electron-transport ability, and low relaxation energy upon the formation
of photo-generated anions. However, Cgo has relatively poor photoabsorption
in the visible range, although that of C;¢ is better because of a breakdown
in molecular symmetry. There is also the difficulty of developing a synthesis
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Fig. 10.4 Device structure (top) and corresponding energy diagrams (bottom) of an OSC. (a)
Schottky-barrier OSC, (b) planar heterojunction (PHJ) OSC, (¢) bulk heterojunction (BHJ) OSC.
(d) Methods for preparing an OSC

method to modify the molecular structure in order to improve the photophysical
and transport properties of such fullerene-based compounds, which escalates the
associated costs. Instead, a series of small molecules based on perylene diimide,
phthalocyanines, subphthalocyanines, truxenones, quinacridones, fluorenes, and n-
type polymers with low energy gaps have been reported as promising acceptor
molecules [22]. These have the advantages of low LUMO energy (which is achieved
by introducing electron-withdrawing groups into its molecular structure), strong
absorption in the visible region, adjustable frontier orbital energies by molecular
design, morphological stability of the active layer in which they are used in,
high thermal stability, and high solubility. For instance, the molecular architecture
of the polymers enables them to have high solubility and a broad absorption
spectrum. The many superior features of non-fullerene acceptor compounds and
rapid developments in their method of synthesis mean that these compounds will
play an important role in efficient OPVs in the near future [23, 24].

A disadvantage of a PHJ is that the donor/acceptor interface has a limited
area. Hence, some of the formed excitons do not separate into free carriers and
thus recombine before reaching the interface. To overcome this drawback, the
concept of a bulk heterojunction (BHJ) has been proposed (Fig. 10.4c), wherein
donor and acceptor molecules are blended [25, 26]. Because the BHJ interfacial
area is much bigger than the PHJ one, tremendous opportunities are provided for
exciton dissociation. The most efficient OSCs reported to date are based on this
BHIJ structure. Some BHIJ-based OSCs with non-fullerene acceptors, combined
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Fig. 10.5 (a) Schematic energy diagram of an OSC under the assumption of no built-in potential.
Here the case for a planar heterojunction cell is shown. EF is the Fermi level of the electrodes, hv
denotes the photon energy of sunlight, @ is the work function of the electrode, / is the ionization
energy, and A is the electron affinity. (b) Corresponding electronic diagram: Sy is the ground state;
S is the excited singlet state; 77 is the excited triplet state; CTy and CT), are the lowest and higher
charge-transfer states, respectively; and CS is the charge-separation state

with state-of-the-art donor polymers, outperform their fullerene-based counterparts.
For instance, the use of PTB7-Th as the donor and ITIC as the acceptor leads to
efficiencies in excess of 11% [27], which demonstrates again that fullerenes and
their derivatives are not the sole choice for OSC acceptors.

In these standard OSCs, holes (electrons) are extracted from the transparent
electrode (Al and Ag cathode). However, the inverted geometry is also used
(often called an inverted OSC), in which electrons are extracted from the bottom
electrode while the top contact collects holes. In a standard OSC, acidic poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and calcium are
the prototypical anode and cathode buffer layers, respectively. In spite of their
versatility, these materials are sensitive to humidity and oxygen, and as such the
long-term stability of OSCs employing these materials is poor. An inverted OSC
can avoid the use of these materials because of (i) the commercially available of
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relatively inert materials to lower the work function of the ITO bottom substrate
(e.g., CspCO3 [28] and polyethyleneimine ethoxylated (PEIE) [29]) and (ii) the fact
that the work function of the top electrode can also be controlled by, for example,
evaporation of MoO3.

The device architectures shown in Fig. 10.4a—c can be prepared using the
methods illustrated in Fig. 10.4d. Vacuum deposition is the conventional way to
prepare an organic thin film with high purity and crystallinity. The film thickness can
be controlled precisely by using a quartz oscillator to monitor the amount and speed
of deposition at the angstrom scale; these deposition features are estimated from
changes in the intrinsic frequency of the quartz. A crucible containing the organic
compound is heated resistively in a vacuum chamber, whereupon the sublimed
molecules solidify on a substrate that is placed above the evaporation source. The
substrate is ultrasonicated with solvents such as isopropanol, acetone, and pure
water prior to the use, followed by UV-ozone treatment. Heating the substrate
during the vacuum deposition increases the molecular mobility on the substrate
surface, thereby improving the crystallinity of the formed film; this leads in turn to
a thermodynamically stable molecular arrangement. However, vacuum deposition
is of course applicable only to the sublimation of molecules with relatively low
molecular weights.

Spin coating and dip coating offer alternative ways to form a thin film from
compound solution on a desired substrate. A number of parameters can affect
the morphology and crystallinity and consequently the charge transport and pho-
tophysical properties of the solution-processed film (e.g., the boiling point and
evaporation rate of the organic solvent that is used, the film thickness, and the ratio
of the mixed solvent). As for BHJ active layer, donor and acceptor components
should preferably distribute in the normal direction for the selective charge transport
(vertical phase separation), while attaining a large donor/acceptor interfacial area for
efficient carrier generation. It is well known that P3HT molecules segregate upon
being spin-coated on the surface of P3HT:PCgBM-blend film because the P3HT
surface energy is lower than the PCg;BM one [30, 31]. Thermal annealing after
deposition of the top electrode can suppress the surface segregation of P3HT [32].

Stamping is the other method for fabricating a multilayer OSC. A poly(dimethyls-
ilane) (PDMS) stamp is used to transfer the active layer onto the substrate. With
this stamping technique, one can fabricate multilayered BHJ and PHJ OSCs [33].

10.2 Operation Mechanism and Characterization of OSC

10.2.1 Photoabsorption

This process is the initial step in the operation of an OSC. If the photons have
enough energy to excite electrons in the organic semiconductor from occupied
states into unoccupied ones, light passing through a molecule will vibrate electrons
bound to its positive nucleus by means of the time-dependent electric field of
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the electromagnetic wave. As a result, the molecule gains (excitation) energy. For
instance, electrons in the HOMOs of the donors and acceptors are excited into
the respective LUMOs (Fig. 10.5a). As a result, an electrostatically bound hole-
electron pair (exciton) is generated. To efficiently harvest the photons in the spectral
irradiance distribution of sunlight, it is essential to engineer the band gaps of the
organic semiconductor by introducing appropriate substituents and incorporating
more than two semiconductors into the active layer. The absorption takes place on a
femtosecond (10™13 s) timescale. The transition probability upon photoabsorption
is proportional to the square of the transition moment m = [ ; er s dt, where
W; is the initial wave function [the ground state So in Fig. 10.5b], Wy is the final
wave function [the excited state S; for a singlet exciton in Fig. 10.5b], and er is the
transition dipole operator. According to this relationship, the wave-function overlap
between the initial and final states affects the magnitude of photoabsorption. The
nature of photoabsorption of w-conjugated molecules is strong absorption in the
visible range. Besides, the large geometrical relaxation upon excitation leads to
broad absorption [34].

The direction of the transition dipole is determined by how the transition
charge is distributed within the molecule. For most planar aromatic molecules, the
transition dipole orients itself parallel to the atomic bond. Because the electric field
of the incident light should match the direction of the transition dipole moment of
the organic semiconductors, especially for elongated m-conjugated molecules, the
likes of pentacene and phthalocyanine show the anisotropy of photoabsorption in
the solid states. In this sense, it is critical to control the molecular orientation in
order to produce a photocurrent. Specifically, for light absorption by 7 -conjugated
molecules, the face-on and edge-on orientations (Fig. 10.6) are preferable to the
end-on orientation (Fig. 10.6).

In addition to the absorption ability of each component in an OSC, we must take
account of light interference within the OSC to understand the actual absorption
within the device. This is because an OSC is made of multi-stacked organic
and inorganic layers with different refractive indexes (Fig. 10.5a). The transfer-
matrix method is widely used to model the light interference. In this method, the
light traveling upstream and traveling downstream through the interfaces is added

’—molecule

face-on edge-on end-on

Fig. 10.6 Molecular orientations of a planar m-conjugated molecule
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coherently to calculate the electric field strength of the standing waves in the stacks
[34]. In this sense, metal reflectivity also plays a decisive role. For instance, calcium
and samarium, which are at times used for the cathode electrode, show a relatively
low photocurrent because of their weaker reflectance compared to the commonly
used Al cathode [16].

10.2.2 Exciton Diffusion

The excitons that are generated upon photoexcitations have to diffuse to the
donor/acceptor interface for free-charge separation. The state in which the spins
in the occupied and unoccupied states are antiparallel is referred to as a singlet
exciton. When the spins are parallel to each other, the state is referred to as a
triplet exciton. This is generally spin-forbidden and thus does not form directly
upon photoexcitation. However, in the case of strong spin-orbit coupling (e.g., in
heavy-atom molecules such as sulfur or metals), transition from the singlet state to
the triplet state is allowed. Exciton diffusion takes place through two energy-transfer
mechanisms (Fig. 10.7):

(a) Forster mechanism

An electron that has been photoexcited into an unoccupied state moves more
vigorously than it did when it was in the original occupied state because of the

Fig. 10.7 Forster and Dexter Férster mechanism
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increase in the number of state nodes, and this results in the variance of the electric
field within a molecule (call it M). If a neighboring molecule M, near the excited
molecule M; " can resonantly interact with the alternating electric field in M, M»
will obtain excitation energy from M; and hence energy transfer occurs. In this
mechanism, direct contact between M; and M; is unnecessary. Therefore, long-
range (order of 10 nm) exciton diffusion is possible. As a rule of thumb, if the
fluorescence spectrum of M; overlaps the absorption spectrum of Mj, an exciton
can transfer via the Forster mechanism. Because this involves electronic transition
from occupied to unoccupied states, only spin-allowed singlet excitons may diffuse
using this mechanism.

(b) Dexter mechanism

In contrast to the Forster mechanism, the Dexter mechanism operates through
direct molecular contact because it occurs via electron exchange through orbital
overlaps. As a result, there is no spectral requirement and thus, in addition to singlet
excitons, even triplet excitons can diffuse using this mechanism.

The exciton diffusion length Lp is given by (D7), where D is the exciton
diffusion constant and t is the exciton lifetime. As mentioned previously, singlet
excitons appear to have larger values of D than those of triplet excitons, but the latter
have much longer lifetimes 7 (on the order of microseconds) because relaxation of
a triplet exciton to the ground state is spin-forbidden. In the solid state, the diffusion
length as determined by, for example, photoluminescence quenching is 5-20 nm for
both small molecules [35] and polymers [36], although an extremely long exciton
diffusion length has been reported for single rubrene crystal (2-8 um) [37]. In BHJ
OSCs, excitons with short diffusion length Lp can reach the donor/acceptor interface
efficiently because the domain sizes of donor and acceptor are comparable to Lp.

It is well known that metal can quench excitons at the interface to the photoactive
layer. To prevent exciton quenching at the electrode interface, wide-band-gap
molecules such as bathocuproine (BCP) and bathophenanthroline (Bphen) are
inserted at the cathode interface (Fig. 10.5a).

10.2.3 Free-Carrier Generation

Excitons that reach the donor/acceptor interface may dissociate into free holes
and electrons. Because of the relatively low dielectric constant (e;) of organic
semiconductors (¢; = 3-5), some driving force is necessary to generate free charges
(typically several tenths of an electron volt). At the interface, photo-induced electron
(hole) transfer occurs within 100 fs and is driven by the energy difference in the
LUMO (HOMO) for excitons generated in donors (acceptors).

An important step on the way to free-charge separation is that, even after the
photo-induced charge transfer, a hole in a donor and an electron in an acceptor
are still bound to each other by Coulombic attraction before reaching the charge-
separation (CS) state in which holes and electrons are completely free. This state
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is referred to as the charge-transfer (CT) state. Although “hot” CT states [CT,, in
Fig. 10.5b] have generally been regarded as the exclusive pathway to free charges
[38, 39], Vandewal et al. showed that the internal quantum efficiency of many OSCs
depends neither on whether band gap or CT states are excited nor on how energetic
the CT states are [40]. These results suggest that “cold” CT states [the relaxed CT
state CT; in Fig. 10.5b] could lead to the CS state. Apparently, CT; requires an
activation energy to generate free charges. One possibility is that the binding energy
of the CT states could be much lower than expected when we consider the change
in the free energy of the system, namely, the entropy gain from charge dissociation
[35, 41].

Some organic semiconductors such as acenes and diphenylisobenzofuran show
singlet fission, in which a photoexcited high-energy exciton is converted into a pair
of low-energy triplet excitons [7] in Fig. 10.5b] [42]. It is generally agreed that
photoexcitation generates a triplet-pair state either coherently or incoherently from
the singlet exciton and that this state may subsequently separate into two triplet
excitons [42]. The underlying mechanism of singlet fission is now the subject of
intense study.

10.2.4 Carrier Transport and Extraction

Once the charges are completely free, they drift and diffuse toward their respective
electrodes with efficiencies that depend on their carrier mobilities. Because of the
large electron-vibration coupling and the disordered nature of organic semicon-
ductor layers, each charge is associated with a local geometrical relaxation and
constitutes a polaron [34]. The molecular orientation of w-conjugated molecules
is critical to enhancing carrier mobility. For small planar molecules, the face-on
orientation is preferable for carrier transport. Recently, Ma et al. demonstrated
that the end-on orientation of polythiophene further enhances hole mobility [43],
although light absorption becomes weaker because of the orientational mismatch
between the transition dipole moment of the polymer and the electric field of the
incident light.

Carrier extraction at the electrode/organic interface is the final step in the
operation of an OSC. The efficiency regarding this process is not determined simply
by the frontier orbitals of the organic semiconductor and the Fermi levels of the
electrodes. The electric field near the electrode interfaces, which is caused by the
charge transfer in the ground states upon contact formation (see Sect. 10.4), also
assists with carrier extraction. In addition, atomic diffusion of the metal electrode
and the buffer materials may further complicate the interfacial phenomena. It is well
recognized that to obtain long-term stability of an OSC, physical contact between
the electrode and the active layer is critical, that is, matching the surface energies of
the contacting materials. However, deep and comprehensive understanding of this
process still appears to be lacking.
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10.2.5 Characterization of OSC

A solar cell is characterized by measurements of its current density (J)-voltage (V)
curve under AM1.5 illumination. Its power-conversion efficiency () is given by

_ Jmameax _ ‘]SCVOCFF

= , (10.1)
Py P

where Pj, is the power of the incident light, Jiyax and Vi are the maximum current
density and voltage, respectively, J is the short-circuit current, V. is the open-
circuit voltage, and FF is the fill factor (Fig. 10.8a). Here, FF can be regarded
as the ratio of Jpax Vimax t0 Js¢ Voc. According to Eq. (10.1), it is necessary to
optimize Jyc, Voc, and FF to improve the overall power-conversion efficiency. The
equivalent circuit for the solar cell is illustrated in Fig. 10.8b. It consists of a diode
with a reverse-saturation-current density (Jo) and ideality factor (n), a current source
corresponding to the photocurrent (Jph), a series resistance (Ry) resulting from the
contact resistance between the semiconducting material and the electrode and from
the conductivity of the building components of the OSC, and a shunt resistance (R),)
derived from the loss of carrier recombination centers. The measured J-V curves are
often analyzed using the generalized Shockley equation

J=— L |y V-JRAN J, 4 10.2
= rram e (G ) 1) (e )| 02

where e denotes the elementary charge, kT is the thermal energy, and A is the area
of the cell. From the above equation, J. can be expressed as
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Fig. 10.8 (a) Current-density-voltage characteristics of solar cell in dark and illuminated condi-
tions. (b) Equivalent circuit for solar cell. The notation is defined in the text



306 K. Akaike and K. Kanai

Joe = —; Jph — Jo | exp M —-1])t. (10.3)
1+ Rs/R, nkT /e

By fitting the measured J-V curve with Eq. (10.2), we can obtain values for the
parameters Ry, R, and n.

10.2.5.1 Short-Circuit Current Density (/)

The maximum photocurrent Jy is calculated by

Je = / ensoe () Non (1) dA., (10.4)
AM1.5

where Npp(2) is the photon flux density in the incident AM1.5 G spectrum at
wavelength A and ngqQge(A) is the external quantum efficiency that indicates the
fraction of photons that are converted into current at wavelength A. The upper limit
of Jsc is calculated by integrating Eq. (10.4) from the high photon energy side to
the wavelength corresponding to the optical band gap of the material. For example,
silicon’s band gap is 1.1 eV, yielding Ji. = 43.6 mA cm~2. To enhance Jy, the
optical band gaps of the organic donor and acceptor should be low enough and
cover sufficiently different optical ranges of sunlight.

According to Eq. (10.3), large R, (contact resistance and bulk resistance) is detri-
mental to obtaining high J.. Therefore, the more conductive is the semiconducting
material, the more current density is available. Charge density and mobility within
the organic layer also impact Jy.

10.2.5.2 Open-Circuit Voltage (Vo)

The physical origin of V. for an OSC has been discussed rigorously, and it has been
found that its value is influenced by the work function of the electrode material, the
donor ionization energy, and the acceptor-electron affinity [44—47]. According to
conventional semiconductor physics, the maximum value of V. is the difference
between the quasi-Fermi levels of the semiconductor holes and electrons (Ef, and
Efn): [48]

9V oc, max = (EFn - EFp) max - (10.5)

That is, the band gap of the semiconductor determines the maximum value of
Voc for an inorganic solar cell. If we simply apply the same principle to an
OSC, the maximum V, can be determined by the energy difference between the
donor HOMO and the acceptor LUMO (i.e., the photovoltaic gap). Actually, this
relationship was confirmed by comparing the photovoltaic gaps determined by
photoelectron spectroscopy and by measured V. (Fig. 10.9) [49, 50].
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However, there is an empirical relationship that Vi is 0.5-0.7 V smaller than the
photovoltaic gap, which is confirmed experimentally by comparing V. and the gap
measured with photoelectron spectroscopy [50]. To understand the origins of Vi
and its loss comprehensively, it has been proposed that V. be determined by the
energy of the CT state (E¢) [S1]:

Eq = Eo — EB, (10.6)

where E( denotes the difference in energy between donor-ionization energy and
acceptor-electron affinity (the energy difference between peaks of Gaussian donor-
HOMO and acceptor-LUMO) and Ej is the average binding energy of the CT state:

2

q
Epg = ,
B drere

(10.7)

where ¢ denotes the dielectric constant of the material and r is the average
separation between holes and electrons in the CT state. Burke et al. recently
established a model in which CT states and free carriers are in equilibrium [52]
and derived the following relationship for Vi:

2
o af NoL
Vo= By — 2 kT 1o (05 10.8
4V oc = Bet = 50 °g< rcthc) (108)

where o denotes the dispersion of the CT state (Gaussian in shape), k is the
Boltzmann constant, T is temperature, f is the volume fraction of the mixed region
in the active layer, Ny is the density of states in the organic material, and 7 is
the lifetime of the CT state. From Eq. (10.7), one can easily see that the value
of Vi is influenced by not only E. but also the degree of disorder of the CT
state, the interfacial area between donor and acceptor, and how recombination at the
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donor/acceptor interface is suppressed. Besides, Eq. (10.7) indicates that increasing
the distance between holes and electrons in the CT state weaken the Coulomb
interaction between the states, presumably resulting in an improved V..

10.2.5.3 Fill Factor (FF)

As mentioned before, FF is the ratio of the obtainable maximum power to the
product of Jy. and V.. For an OSC with a high FF, the photocurrent should remain
unchanged when forward bias is applied. In turn, photo-generated carriers drift
efficiently through the active layer and electrode interfaces. In other words, series
resistance R should be low enough for achieving high FF. Therefore, the organic
and inorganic materials used in an OSC must be “neat” in relation to both purity
and molecular order in the film without a carrier-extraction barrier at the electrode
interfaces through which free charges pass. In general, relatively high mobility
and appropriate control of molecular orientation are required. Impurities in organic
semiconductors may act as charge traps [15, 16] and thus must be removed by
train sublimation and solvent purification, for instance. Besides, the hole/electron
mobility balance affects the fill factor because such an imbalance leads to carrier
accumulation near the donor/acceptor interface, which leads to an S-shaped J-V
curve and lowers FF [53].

Ohmic contact at the electrode interfaces, where contact resistance is negligible
for both carrier injection and extraction, is also required for enhancing FF. The
ideal contact can be achieved by modifying the electrode surface appropriately to
obtain the desired work function, thereby achieving Fermi-level pinning (see Sect.
10.4). For example, the value of R, of a DIP/Cgy PHJ OSC prepared on unannealed
PEDOT:PSS is 42 k€2, whereas thermal annealing of PEDOT:PSS increases its
work function and concurrently leads to a significantly reduced R (down to 55 €2).
Consequently, the FF of the OSC increases to 0.74 [54].

10.3 Electronic Properties of 7-Conjugated Molecules

The electronic structure of donor and acceptor molecules is known to have a great
influence on the device performance of OSCs, particularly the optical absorption,
carrier injection, and carrier transport because they have a good deal to do with
the operation principle of the devices. As mentioned in Sect. 10.2.5.2, V, is
proportional to the energy difference between the donor’s HOMO and the acceptor’s
LUMO. Therefore, whether intentionally or not, manipulating the molecular struc-
ture of donors or acceptors sometimes changes their electronic structure and can
affect the device performance. Determining the correlation between the electronic
structure of the materials and the function of the OSCs would guide the future
material design.



10 Solar Cell Applications of t-Conjugated Molecules 309

It has been reported that the Cgg fullerene is a good acceptor for OPVs because
of its high electron transfer rate from donor molecules. However, because of the
necessity to use soluble compounds when making a device with a BHJ structure,
fullerene derivatives such as PC¢;BM (Fig. 10.3) were developed. The Cgo- and
C70-based PCBMs have been used frequently as acceptor molecules in OPVs,
together with w-conjugated polymers such as P3HT as the donor. By using BHJs
that combine PCBMs (thereby maintaining a high electron transfer rate) and -
conjugated polymers (thereby ensuring high carrier mobility), we guarantee devices
with high power-conversion efficiency. The point of interest here is that by tuning
the molecular structure of the fullerenes to achieve soluble derivatives, we end up
unintentionally modifying the electronic structure. In some cases, this change in
electronic structure can be measured in the device performance.

10.3.1 Fullerene Derivatives

The high symmetry of the molecular structure of fullerenes Cgo and Cyg yields a low
back electron transfer rate after charge separation occurs. It is also responsible for a
highly efficient intersystem crossing from singlet to triplet excited states, giving
excited states with long lifetimes. These characteristics make these compounds
indispensable as acceptors for OSCs. Fullerenes Cgp and C7¢ are incompatible
with the solution processes such as spin coating because of their low solubility
in common organic solvents. Soluble derivatives have been synthesized by adding
functional groups to these fullerene backbones [55, 56], thereby allowing OSC
devices to be produced using solution processes such as spin coating [57]. Now, Cgg
and Cy¢ derivatives bearing various functional groups, which improve solubility
and processability, have been used as acceptors in BHJ-OSC with high-efficiency
photoelectric conversion [58-62]. PCBMs based on Cgp and C7o are well-known
soluble derivatives and have been used frequently as an acceptor in OSCs [55, 58].
It has been reported that the side chains of PC¢;BM affect the film morphology,
which may improve the device performance [63-66].

Akaike et al. [62, 66] reported that adding a side chain to a Cgg backbone affects
not only its solubility but also the electronic structures of PCs;BM and [6,6]-
diphenyl-Cg;-bis(butyric acid methyl ester) (bisPCq;BM). They concluded that a
subtle charge transfer from the side chain to the Cgg backbone destabilizes the
frontier orbitals of the molecule. They also suggested that the effects of the side
chain on the electronic structures of PC¢;BM and bisPCgBM may improve the
performance of the OSC devices compared with devices containing Cgo [67, 68].
Their work demonstrates that measures of OSC device performance such as V,. can
be discussed in terms of electronic structure.

The results of ultraviolet photoemission spectroscopy (UPS) and inverse pho-
toemission spectroscopy (IPES) for PCgBM, bisPCgBM, C79, and PC7;BM
are shown in Fig. 10.10. The simulated spectra based on the molecular orbital
calculation are also displayed (filled in gray). The combined UPS and IPES spectra
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Fig. 10.10 (a) Ultraviolet photoemission spectroscopy (UPS) and (b) inverse photoemission
spectroscopy (IPES) spectra for fullerene derivatives. (Reprinted with permission from Ref. [65])

replicate the molecular orbitals (MOs) of the specimen. Indeed, the simulated
spectra reproduce the observed spectra well. The HOMO, LUMO, and highest
occupied MOs in the side chain labeled “A” are displayed in Fig. 10.10b. The MOs
in the side chain are located at binding energies in excess of 4 eV. Basically, the
m-orbitals of the Cgo backbone contribute greatly to the HOMO and LUMO of the
derivatives as seen in the case of PCg;BM in Fig. 10.10a, b. The vertical bars in
Fig. 10.10a indicate the onsets of the UPS and IPES spectra that correspond to
the HOMO (,r) and LUMO (n*) energies. The energy difference of the HOMO
measured from Ef is the height of the hole injection barrier ¢,**P, and the energy
difference between the LUMO and Fermi level (Ef) is the height of the electron
injection barrier ¢.**P from the electrode. The adiabatic ionization energy I°*P,
electron affinity A®P, and energy gap E,**P can be calculated from ¢p*P, ¢.°*P,
and Ey,c. Here, Ey,c denotes the vacuum-level energy obtained directly by the UPS
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Fig. 10.11 Energy diagrams for various fullerene derivatives determined by UPS and IPES

experiments. The values of ¢**P, ¢**P, and E,**P calculated from the UPS-IPES
spectra for the compounds in Fig. 10.10a are summarized in Fig. 10.11. The LUMOs
of all the compounds are very close to Ef, and the low-lying LUMO explains the
n-type electric characteristics of the devices in which they are used. The LUMOs of
C79 and PC71BM are right above EF, indicating very small ¢.**P. In contrast, the
LUMOs of bisPCBM and ICBA are higher than the LUMOs of the other fullerene
derivatives, which probably causes the larger V. of the OPV devices containing
bisPCBM or ICBA.

The values of Iexp, Aexp, and E,*P differ among all the fullerene derivatives.
There is more variation in the LUMO energies than in the HOMO ones. The Iex,
and Aexp values of Cyq are larger, and the Aexp values of bisPCBM and ICBA are
smaller than those of the other compounds. The E,**P values of C79 and PC7;BM
are smaller, and the EgexP values of bisPCBM and ICBA are larger than those of
the other compounds. The small £,**P value of PC7;BM causes a wide absorption
range in the visible region, which leads to the high power-conversion efficiency of
the OSC devices in which PC7;BM is used as an acceptor [59-61].

Akaike et al. [62, 66] explained the effects of the side chain on the electronic
structure of PCg1 BM and bisPCg BM by slight polarization of the electron density
inside the molecules. A subtle electron transfer from the side chain to the Cgg
backbone destabilizes the frontier orbitals spreading over the fullerene backbone.
The side chain donates a certain amount of electron density to the Cgy backbone.
The amounts of charge in PCq1BM and bis-PCg; BM donated to the backbone are
estimated at roughly 0.23e and 0.46¢, respectively, from the density functional
theory (DFT) calculations, where e is the elementary charge. Thus, the partial
electrical charge donated from the side chain to the Cgp backbone of PC¢; BM and
bisPCBM destabilizes the HOMO and LUMO of the molecule and lowers both the
Iexp and Aeyp values. This indicates that PCBM and bisPCBM are weaker acceptors
than Cgg.
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10.3.2 n-Conjugated Donor Polymers

Semiconducting m-conjugated polymers such as polyphenylenes, polyphenylenes,
polyanilines, and polypyrroles have been used frequently in organic electronic
devices including OPVs because they possess high solubility in organic solvents
and can be formed into smooth films by solution processes. A series of conjugated
polymers, poly(3-alkylthiophene)s (P3ATs), is widely used as a hole-transporting
material in organic field-effect transistors (OFETs) and OSCs [57, 69-73]. The
mobilities of the OFETs with P3HT reach 0.1 cm? V~! s [69-73], which is
comparable to that of amorphous silicon-based FETs. This dramatic improvement
in hole mobility has been attributed to the high degree of intra-chain and interchain
orders in the P3AT films. The structure of P3HT films as deduced by X-ray
diffraction (XRD) analysis is composed of polycrystalline domains embedded in
an amorphous matrix [74, 75]. In the polycrystalline domain, P3HT stacks in one-
dimensional chains and forms a lamellar structure consisting of two-dimensional
conjugated sheets through interchain stacking. The degree of structural order in
P3AT films depends strongly on the degree of regioregularity of the polythiophene
backbone [76]. It is thought that the conformation and packing of the polymer
backbone play a dominant role in determining the transport properties of the
material. As mentioned above, OFETs with highly regioregular P3HT have high
mobility, whereas OFETs with regiorandom P3HT have mobilities in the range of
only 107°-10~* cm? V~! s~! [77]. The high mobility of regioregular P3HT films
is partly attributable to the highly ordered structure of the film.

The morphology of the regioregular P3HT polycrystalline film or domains
in the active layer in OSCs changes considerably upon annealing, as shown in
Fig. 10.12a. Figure 10.12b displays a schematic of the microcrystalline structure

(100)

non-
annealed

Fig. 10.12 (a) XRD of P3HT film prepared under different conditions coated on silicon substrates.
(b) Schematic illustration of molecular arrangement of P3HT. (Reprinted with permission from
Ref. [79])
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of P3HT. In the polycrystalline domain, P3HT stacks in one-dimensional chains
and forms a lamellar structure consisting of two-dimensional conjugated sheets
through interchain stacking. The structural order in P3AT film depends strongly
on the degree of regioregularity of the polythiophene backbone [76]. The electrical
properties of P3HT films are also affected by annealing: the mobility is dramat-
ically improved [78]. The increased mobility due to annealing is accompanied
by increased structural order as observed by atomic force microscopy and X-ray
analysis [79]. This result is in contrast to the interpretation that grain boundaries
are the major cause of low mobility in low-molecular-weight P3HT films since
the annealed films have high crystallinity [79]. Zen et al. have suggested that the
main cause of the low mobility of the low-molecular-weight P3HT films is the
disordered conformation of the backbones of a majority of the polymer chains,
which hinders interchain charge transport as a result of fewer interchain contacts
[77]. Alternatively, polymer chains of higher-molecular-weight P3HT possibly have
more extensive m-conjugation, which would provide more opportunities for charge
carriers passing along the polymer chain to hop to a neighboring polymer through
an interchain contact.

Also, we have measurable effects induced by annealing in the electronic structure
of the P3HT films. It was found that annealing strongly influences the energy gap,
the energy of vacuum level, and the 7- and 7t*-band energies. Consequently, the
carrier injection barriers at the interfaces between the P3HT film and the electrodes
are significantly affected. Figure 10.13 shows the combined UPS and IPES spectra
of the regioregular P3HT films on ITO substrates. The m-band onset in the non-
annealed sample is very close to Er and shifts to higher binding energies after
annealing, whereas the vacuum level and the m*-band onset are less affected.
The high-resolution IPES spectra of the annealed films are more structured with
the appearance of shoulders, denoted in the figure by arrows. In addition, the
UPS spectra at the onset of the m-band become more structured after annealing.
Simulated spectra derived from the calculations based on DFT are shown in Fig.
10.13. The simulations were performed using a hexylthiophene oligomer with 10
repeating units of 3-hexylthiophene rings (» = 10; 10HT) as a model system. Ten
repeating units of HT are enough to reproduce the polymer qualitatively; therefore,
10HT is a good model system for discussing the electronic structure of P3HT. The
simulated spectra reproduce the measured spectra well. Based on a comparison of
the observed and simulated spectra, the shoulder structures at ~3.5 eV above Ef
(indicated by arrows) are assigned to the mw*-band. The energy of the band is almost
independent of the number of repeating units, and the HOMO and LUMO of 10HT
are composed primarily of the - and m*-orbitals distributed over the conjugated
polymer chain. It is clear that the 1- and mw*-bands grow after annealing as the -
conjugation length increases by a conformation change of the polymer chain. These
results are consistent with the change in the UV-visible spectra after annealing [79].
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Fig. 10.13 UPS and IPES spectra of rr-P3HT thin films spin-coated on ITO substrate. (Reprinted
with permission from Ref. [79])

10.4 Electrode/Organic Interface and Organic
Heterointerface

The interface between the electrode and organic semiconductor in an active layer
should be free from any energetic barrier to carrier extraction. Thus, we have to
realize ohmic contact (i.e., negligible contact resistance with respect to the total
resistance) of an OSC. A question arises as to what constitutes ohmic contact for an
electrode/organic interface. In the case of an inorganic semiconductor, it is known
that high doping concentration and a low energy barrier reduce the contact resistance
[48]. Although organic semiconductors are typically undoped, the molecules at the
interface to the electrode can be doped as a result of electron transfer to achieve
thermodynamic equilibrium upon contact formation. Such a contact-induced doping
has been demonstrated for a high-work function substrate/donor polymer interface
and low-work function substrate/Cg interfaces [80—-83]. Besides, the charge density
distribution leads to evolution of an electrostatic potential near the electrode
interface, thereby impacting the relative energy of the frontier orbitals with respect
to the electrode Fermi level (Er). Because the energetic landscape near the interface
can significantly affect carrier processes and hence OSC performance, knowledge
of the mechanism for charge-density and potential distribution is essential for
designing the interface.
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In this section, we introduce a recently proposed model that simulates energy-
level alignment at the interface, which is applicable to electrode/organic interfaces
as well as to organic heterointerfaces. Next, we discuss the technique that control
electrode work function and wettability to improve energy matching and physical
contact between the organic semiconductor and the electrode surface, along with
correlating the interface property with the OSC performance.

10.4.1 Theoretical Model for Energy-Level Alignment

Recently, Oehzelt et al. proposed a comprehensive electrostatic model of the energy-
level alignment, which is applicable even to organic heterointerfaces [84]. The
model assumes that (1) the conductive substrate is an electron-reservoir, (2) the
electron occupation obeys Fermi-Dirac statistics under thermodynamic equilibrium
and electrons move through the organic layer toward the electrode EF or vice versa,
and (3) organic layers are grown ideally in a layer-by-layer manner on a conductive
substrate with experimentally determined HOMO and LUMO onsets, density of
states width, and a discrete height z. The charge density at each layer is calculated by

+00 +o0
pz)=e-n- /fH(E) - Du[E+eV (2)] dE—/ JL(E) - DL[E+eV(2)] dE ,
) ) (10.9)

where e is the elementary charge; n is the molecular number density per area layer;
fu and f1, are Fermi-Dirac functions; Dy and Dy, are the peak shapes for the HOMO
and LUMO, respectively (typically Gaussian); and V(z) is the potential at distance
z from the substrate surface. The charge density so obtained is used to calculate
the potential in the respective layer using a generalized one-dimensional Poisson
equation:

V(& (2)VV(2)) = —@, (10.10)

€0

where &.(z) is the dielectric constant of the layer and &p in the permittivity in
a vacuum. The obtained potential is used to calculate charges by solving Eq.
(10.9) again, and then a new V(z) is calculated. This self-consistent calculation can
simulate depth-resolved charge density and potential distributions. The simulation
results can reproduce the trend of thickness-dependent UPS measurements, which
are traditionally used to determine the potential distribution along the surface
normal. Combining the model simulation and UPS analysis, Wang et al. revealed
that the upward band bending at the Ag(111)/NaCl/Cgp heterostructure, which is
attributed to electron transfer from Ag to Cgp through the NaCl layers, is caused by
the evolution of electron density in the Cgg layers up to 150 nm [80].
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Fig. 10.14 Energy-level alignment at organic interface. @, denotes substrate work function, A
is the electron affinity, and / is the ionization of the organic molecules. When @}, exceeds I (A),
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The model also predicts the dependence of energy-level alignment at the interface
on the substrate work function. As already demonstrated by UPS measurements [85,
86], when the substrate work function is higher (lower) than the ionization energy
(electron affinity) of the molecule, the vacuum and energy levels are independent of
the substrate work function (Fig. 10.14). This phenomenon is known as “Fermi-level
pinning,” [85] being reminiscent of the constant charge-injection barrier occurring
at a metal/inorganic semiconductor junction because of the dangling bonds.

Typically, the electronic structure at metal/organic interfaces is investigated for
organic molecules adsorbed on a metal surface. However, if an interface between
the photoactive layer and the top cathode is formed by vacuum deposition, the
morphology and electronic structure at the interface can be different from those
of the interface with the reversed deposition sequence. For instance, whereas an
Au(111)/NPD interface seems to be inert and there is no strong interaction between
the two constituents, gold atoms vacuum-deposited on NPD lead to a new chemical
species as revealed by XPS [87]. The asymmetry of the electronic structure actually
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leads to different charge-injection barriers in diode devices. Usually, injecting from
the top contact is more efficient than doing so from the bottom contact [88].

10.4.2 Modification of Electrode/Organic Interfaces

As mentioned above, controlling the work function and morphology is critical
to achieving ohmic contact for a more efficient device. So far, various materials
including transition metal oxides, alkali halides, a polymer electrolyte, an inorganic
salt, and a self-assembled monolayer (SAM) have been employed as interface
modifiers for an OSC [89, 90]. In addition, here we introduce interface organic
materials that are often used for OSCs to control their electronic, morphological,
and photophysical properties.

10.4.2.1 Control of Electrode Work Function

To realize an ohmic contact, the Fermi levels of the anode and cathode should
be close to the HOMO of the donor and the LUMO of the acceptor, respectively.
Actually, Fermi-level pinning is important for reducing the series resistance of an
OSC, leading to improved Jg. and FF [16]. Therefore, appropriate control of the
work function of the anode and cathode is required. It was found for ITO substrates
that the surface treatments such as UV/ozone, oxygen plasma, and dipping in
aqueous alkaline hydroxide solution alter the surface chemical composition and
work function because of the formation of surface dipoles and the removal of
carbon contamination from the substrate surface. Among anode interface materials,
PEDOT:PSS (whose molecular structure is shown in Fig. 10.15) has been used as a
polymer-based anode interface layer to improve hole extraction. Its work function
ranges from 4.5 to 5.6 eV, depending on its composition and heat treatment [91,
92], which can pin the HOMO levels of most donors to the Fermi level of the
substrate. Figure 10.16 shows the importance of the Fermi-level pinning of the
donor HOMO in optimizing the OSC behavior. Wagner et al. demonstrated that
Fermi-level pinning is necessary to avoid an undesirable S-shaped /-V curve due to
a high series resistance that can lower the FF of the OSC [16, 54].

Despite its wide-ranging applicability, the long-term stability of OSCs prepared
on PEDOT:PSS is poor because of traps that form through water diffusion and
because of the increased contact resistance due to water damage to the cathode
[93]. Instead of the polymer buffer layer, transition metal oxides such as MoO3
and V;,0s5, and phosphonic SAM, have been employed to control the anode work
function. The oxides have very high work functions up to 7 eV, independent of the
bottom substrate work function because of its n-type character that results from a
finite concentration of oxygen defects even in pristine MoOj3 evaporated films [94].
This high work function leads to a downward energy shift in the photoactive layer
because of the hole accumulation therein, probably leading to exciton dissociation
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Fig. 10.15 Molecular structure of representative interface modifier

and efficient hole extraction. Actually, the Schottky-barrier OSC based on Cgg and
SubPc shows relatively high performance [18, 19].

The substrate work function actually affects not only the interface energetics
but also the photophysical behavior of an OSC. Knesting et al. investigated the
correlation between work function modification with V. and carrier lifetimes [95].
A higher work function leads to a higher electric field at the anode/photoactive-
layer interface, suppressing carrier recombination in the bulk. Wang et al. recently
reported that the contact-induced doping, which is due to the Fermi-level pinning,
may decrease the photocurrent. Thus, there is an optimal work function for the
respective polymer to keep its built-in field [96], in contrast to other reports that
there is no dependence of OSC performance on substrate work function [97, 98].
A detailed study of carrier distribution (in the ground states) and carrier genera-
tion/recombination processes is necessary to obtain a comprehensive understanding
of the impact of interface energetics on the device characteristics.

In standard OSCs, lithium fluoride (LiF), bathocuproine (BCP), and
bathophenanthroline (Bphen) have often been used as cathode modifiers. By
inserting thin films of these materials at the interface between Cgo and Al, the
overall performance of PHJ OSCs improves significantly because of suppression
of nonradiative recombination of excitons at the Cgp/Al interface [99], thereby
increasing the interfacial electric field [100]. Toyoshima et al., employing UPS,
reported a large work function reduction upon depositing BCP onto metallic
substrates [101, 102]. Despite the findings that the large downward energy shift
at the Cgo/BCP interface leads to efficient electron extraction [103, 104] and BCP-
thickness-dependent energy-level alignment at the Ag/BCP/Cgy heterostructure
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[105], direct correlation between the interfacial electronic structure and OSC
performance remains elusive.

For an inverted OSC, the work function of the ITO substrate has to be lowered
in order to extract electrons. CspCOs is one of the candidates for decreasing the
work function by either spin coating or vacuum deposition. Upon annealing, the
carbonate part desorbs and the metallic Cs produces substrate electrons, forming
an interfacial dipole that is responsible for reducing the work function [106].
In 2012, the insulating polymers poly(ethylene imine ethoxylated) (PEIE) and
poly(ethylene imine) (PEI) were found to be versatile for producing low-work
function electrodes that can be used in OLEDs, OSCs, and OFETs [29]. The origin
of the decrease in work function was attributed to the formation of a local dipole
on the substrate surface, as suggested by density functional theory calculations.
However, the volatile ethyleneimine dimer or trimer impurities contained in the
PEI water solution were also found to act as n-dopant (electron dopant) for the
electrodes, and the resulting interfacial dipole decreased the effective work function
[107]. For the hole-extracting electrode in an inverted OSC, one must pay attention
to atomic and/or molecular diffusion of buffer materials such as MoOj3 into the
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organic layers [108, 109]. This diffusion increases the magnitude of electron transfer
from the strong p-dopant MoOs to the organic molecules. Very recently, doped
polymers have been used universally to control the substrate work function in the
range of 3.0-5.8 eV [110]. Such a versatile method for producing the desired surface
work function would enable the design of well-established interfaces.

Controlling the electrode work function in an OSC is very important for not only
making electrode contacts ohmic but also for maximizing V. The dependence of
Voc on the substrate work function has been measured [96], and it appears to be
necessary that the donor HOMO and acceptor LUMO be pinned to the electrode
Fermi levels in order to obtain the maximum V..

10.4.2.2 TImprovement of Physical Contact and Interface Morphology

The physical adhesion of the photoactive layer to the electrode surface is critical to
sustaining the lifetime of an OSC and determining the charge-transfer kinetics at
the electrode interfaces. So far, surface modification of a representative transparent
electrode, ITO, has been examined. An ITO film is often fabricated on a glass
substrate by sputter deposition followed by thermal annealing. This fabrication
processes results in a highly polar surface with finite roughness and hydroxyl
groups. As a result, the ITO surface has a surface energy of 60—~70 mJ m~2, which is
much higher than that of an organic semiconductor film (10-50 mJ m~2). Such
a surface-energy difference leads to delamination of the organic semiconductor
and consequently poor sustainability of the charge-transfer kinetics and thus the
OSC performance [111]. An example of a surface modifier for ITO is phosphonic
acid SAM that is functionalized with a fluorinated alkyl chain (Fig. 10.15) to
tune the ITO surface work function, thereby decreasing the ITO surface energy
and leading to long-term stability of the work function. An OSC based on this
SAM demonstrated a longer lifetime [111]. For ZnO and AZO, alkaline hydroxide
solution treatment was found to suppress the light-soaking effect, thereby leading to
longer lifetimes of BHJ OSCs [112].

Another technique for changing the interfacial morphology is to use the nanos-
tructure of the interfacial modifier. Nanorods of ZnO are now well established as a
way to produce a large interfacial area at the electron-extracting electrode interface.
In addition, PDMS stamps can increase the interfacial area. Both techniques
contribute to increases in FF and J.

10.4.3 Energetics and Charge Generation at Donor/Acceptor
Interface

10.4.3.1 Energetics

Multilayered organic devices, both OSCs and OLEDs, encompass organic het-
erointerfaces whose function critically influences their performance. In particular,
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evolution of the carrier transport levels (HOMO and LUMO) is essential for under-
standing the behavior of exciton and free carriers generated at the donor/acceptor
interface. For example, any built-in potential near the interface can support the
sweeping away of the photo-generated holes and electrons toward the respective
electrode.

Together with metal/organic semiconductor interfaces, the energetics at organic
heterointerfaces have been investigated by employing surface science techniques
[88, 113, 114]. At this early stage of research, vacuum-level alignment appears to
hold at most organic heterointerfaces because of van der Waals interaction at the
interfaces. However, findings that show that the magnitude of the vacuum-level shift
depends on the substrate work function [88, 113] and that electrons are injected
through the bottom organic layer to the overlayer [86, 87] confirm the existence of
a potential drop even at inert organic heterointerfaces. These studies advance the
establishment of a comprehensive model for predicting the energy-level alignment
at the interfaces.

Recently, it was found that the electrostatic model [84] (see Sect. 10.4.1) can
describe the energy-level alignment at organic heterointerfaces [119] and that
the simulation well reproduces the energy-level shift measured by UPS. Strongly
motivated by the agreement between the simulations and experimental data, thor-
ough theoretical simulations of energy-level alignment at all types of organic
heterointerface have been carried out [115]. Figure 10.17 shows the simulated
energy-level alignments for OSC-relevant donor/acceptor interfaces with various
substrate work functions. As for the anode/donor/acceptor structure (Fig. 10.17a),
when the substrate work function is high enough (cases for Ep = 6.0 and 7.0 eV),
holes accumulate at the anode/donor interfaces because of the Fermi-level pinning,
but no charges accumulate at the donor/acceptor interface; thus the potential drop
is negligible. For the cathode/acceptor/donor structure (Fig. 10.17b), when the
substrate work function is low enough (cases for Eg = 3.0 and 4.0 eV), the Fermi-
level pinning again causes electron accumulation at the cathode/acceptor interface.
Thus, the energy levels shift upward, whereas no potential change occurs at the
donor/acceptor interface.

Poelking et al. demonstrated that the aggregated long-range quadrupole inter-
action 1is critical for obtaining the correct energetic landscape at an organic
heterointerface [116, 117]. The electrostatic model is capable of including such an
influence of the electrostatic potentials of m-conjugated molecules by considering
the orientational dependence of the ionization energy and electron affinity.

The electrostatic model assumes the Frank-van der Merwe growth (layer-
by-layer) of the respective organic film and therefore ideally sharp interfaces.
However, at actual interfaces, intermixing [118] and molecular reorientation [119]
may occur, thereby complicating the interfacial electronic structure. Actually, a
phthalocyanine/fullerene interface, which is a prototypical donor/acceptor interface
used in OSCs, tends to show an unusual potential distribution (Fig. 10.18a). This
is independent of the types of substrate, phthalocyanine, and fullerene and of their
thicknesses and evaporation speed during formation of the interface [103, 120]. The
observed downward-and-then-upward shift has been interpreted as being caused
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Fig. 10.17 Simulations of the energy-level alignment at donor/acceptor interfaces. (a) The very
left panel shows the initial energies of the HOMO (orange rectangular) and LUMO (blue
rectangular). The green-dashed lines correspond to the work function of the bottom substrates.
The dependence of the simulation results on the electrode work function is shown in the second
left to right panels. In each panel, the upper and lower plots illustrate the evolutions of the energies
of the frontier orbitals and charge density as a function of the distance from a substrate surface (z),
respectively. (b) Same for the reversed stacking sequence [115]

by an increase in the structural inhomogeneity in the phthalocyanine layers upon
interfacial formation [120].

The energetic landscape across the donor/acceptor interface severely impacts
the carrier generation and bimolecular recombination. The three-phase model was
proposed to explain the widely observed efficient charge generation. The model
assumes an amorphous mixed region between the pure donor and acceptor phases. In
this amorphous region, the band gaps of the donor and acceptor increase because of
shorter conjugation lengths. The existence of such a mixed region has been explored
with UPS and cyclic voltammetry in the solid state [124].

An energy cascade designed by any method leads to an increase in free-carrier
generation. The model in which the charge-transfer state and free carriers are in
equilibrium predicts that more charges are generated in the donor and acceptor
phases if an energy offset of 100 meV exists between the mixed and pure phases
[52]. Actually, Izawa et al. confirmed that the energy cascade reduces bimolecular
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Fig. 10.18 (a) Downward-and-then-upward shift at phthalocyanine/fullerene interfaces. A dip in
the vacuum level can be seen with increasing fullerene coverage [103, 120-123]. (b) Energy
diagram of a planar heterojunction OSC determined by Kelvin probe (KP) measurements [103].
(Reprinted with permission from Ref. [103])

recombination at the donor/acceptor interface in the planar heterojunction OSC and
increases FF and V. [125].

A more complicated issue is that the molecular orientation may change
upon interface formation, which has been reported for a metal-free phthalocya-
nine/perfluorinated phthalocyanine interface [119]. Besides, chemical interaction in
the solid phase can further alter the interfacial properties. The Diels-Alder reaction
at a pentacene/Cgo interface, which shows a PCE of ~4% [47], can produce
pentacene-Cgo adducts [126]. Further investigation is necessary to elucidate the
impact of the interface compound on OSC performance.

To reveal the full electronic structure of an OSC, several groups have analyzed
the evolution of the vacuum-level and HOMO energies [103, 104, 127—-129]. For
a small-molecule-based OSC, a huge potential drop was observed at a Cgo/BCP
interface (Fig. 10.18b), which was attributed to the giant surface potential of BCP
[103]. The measured shift would support efficient electron extraction toward the
cathode. Davis et al. examined the electronic structure under ambient conditions
using photoelectron yield spectroscopy and optical absorption spectroscopy [129].
Despite these measurements, a full picture of the energy and charge-density profiles
remains elusive because surface science techniques can only probe up to ~2 nm.
Therefore, cross-sectional Kelvin probe (KP) measurements and simulation would
help to deduce the complete energy diagram within an OSC, which would facilitate
our understanding of carrier behavior in the device.

Utilization of the energy transfer across an organic heterostructure is also an
important issue for enhancing device performance. As mentioned in Sect. 10.2.2,
excitons diffuse to the donor/acceptor interface before recombination. The strategy
is to use organic semiconductors that absorb different wavelengths and to transfer
excitons to a specific donor/acceptor interface, which would lead to a significant
improvement in Jg.. Figure 10.19 shows J-V curves and an energy diagram for
6 T/SubNc/subphthalocyanine (SubPc) OSC [130]. These three materials cover a
wide range of the spectral distribution of sunlight. The important point is that
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Fig. 10.19 Cascade energy transfer leads to high efficiency for a non-fullerene OSC. (Figures
were reproduced with permission of Ref. [130])

because SubNc has a narrower band gap due to an extended m-conjugated ring,
excitons generated in SubPc can transfer to SubNc. As a result, excitons generated
in both the SubPc and SubNc layers are converted into free holes and electrons at
the 6 T/SubNc interface. With this strategy, a PCE of 8.4% was achieved without a
sole acceptor, namely, fullerene. This promising result paves a new way to harvest
photons in the wide-ranged portion of the solar spectrum by controlling the energy
structure.

10.4.3.2 Strategy to Enhance Free-Charge Generation

(a) Increase of Average Distance of CT State

As mentioned in Sect. 10.2, electrostatically bound CT states that form at the
donor/acceptor interface can be a path to the CS state (free charges). For efficient
photocurrent generation, the binding energy of the CT state (Ep) needs to be
lowered. One strategy to reduce Ep is to increase the average distance between
holes and electrons (r¢¢ in Eq. 10.7) [131-133]. Zhong et al. inserted an insulating
wide-band-gap polymer, CYTOP, between P3HT and PC¢;BM in their planar
heterojunction OSC. Insertion of CYTOP increased V. up to a thickness of 1 nm,
while Jy decreased concurrently with increasing thickness because of the reduced
electron transfer between P3HT and PCg BM [131]. This decrease in Jy. was
compensated by adding a dye into the CYTOP layer. This was attributed to more
efficient exciton collection by energy transfer and charge separation with the charge
cascade.
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(b) Molecular Orientation

The molecular orientation at the donor/acceptor interface critically impacts
the electronic coupling between the two materials and the degree of intermixing
and thus the process of photocurrent generation. Rand et al. first suggested for
a ZnPc/Cgp bilayer OSC that the face-on orientation of ZnPc is favorable for
photocurrent generation because of a larger electronic coupling between ZnPc and
Ceso [134]. However, it was also found from XPS and X-ray scattering studies that
the degree of intermixing between ZnPc and Cgg increased when ZnPc molecules
were in the face-on orientation. This increased intermixing was attributed to
higher Jy. than for its edge-on-oriented counterpart [135]. However, modifying the
molecular orientation should also change the energy levels because the orientation
of the molecular quadrupole determines the molecular surface potential [136], as
well as the exciton diffusion and carrier mobility. Therefore, the impact of molecular
orientation on photovoltaic performance is likely a diverse one.

(c) Energy Cascade

The equilibrium model for the CT state proposed by Burke et al. suggests that
the energy cascade results in longer free-carrier lifetimes and a drastic increase in
charge densities [52]. An energy offset of 100 meV in the HOMO and LUMO leads
to tenfold increases in the charge densities in the donor and acceptor phases. Such
an energy cascade is believed to exist in the interface between a polymer donor and
a fullerene acceptor [124, 137]. The three-phase model assumes the formation of
an amorphous mixed region between the aggregated donor and acceptor phases, in
which the band gap of the polymer donor is larger than those of the pure phases.
Analysis of UPS measurements on a polymer donor/Cgq interface revealed that
the HOMOs of the polymers donor shifted toward higher binding energies upon
incremental deposition of Cegp.

Izawa et al. reported extended carrier lifetimes and a higher charge density [125].
By combining contact film transfer and surface-segregated monolayer techniques,
they designed an energy cascade and trap structure across a donor/acceptor interface.
A PHJ OSC with an energy cascade could have an increased V. because of the
elongated r; and a decreased bimolecular recombination because of the energy
barrier. However, the lowest LUMO of the SSM layer in the system acts as recom-
bination center for the trap-structured OSC. These results appear to correspond to
the prediction made by Burke et al. [52]

(d) Energy-Level Control of Quadrupole Potential

Schwarze et al. reported recently that the ionization energy and electron affinity
of organic donors such as ZnPc and SubPc can be controlled to 0.5-1.2 eV by
mixing them with halogenated counterparts [138]. Concurrently, a ternary OSC
with Cgg as an acceptor shows V,,. variation when mixing ratio of the halogenated
phthalocyanine varies. Such a new technology will provide optimal guidelines for
producing efficient OSCs.
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10.5 Summary and Outlook

This chapter has summarized the fundamental aspects of OSCs and given back-
ground knowledge on m-conjugated molecules and their interfacial properties.
Newly synthesized polymer donors and (non-fullerene) acceptors will further
increase the power-conversion efficiency of OSCs. However, economical and envi-
ronmentally friendly methods of synthesis and device building should be explored
simultaneously. Engineering long-ranged quadrupole interactions in organic semi-
conductors will open new designs for the photoactive layer. Besides, the use of
electrostatic-potential models and the simulation of energy diagrams for OSC
devices, including the impacts of the top electrode and light illumination, are
required if we are to understand the carrier behavior within the device correctly
and believably. By merging all these various streams of fundamental knowledge,
we hope that optimal device design, based on both know-how and a bottom-up
approach, will be possible in the near future.
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