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Abstract. The field of organic solar cells (OSCs) has developed rapidly over the last two dec-
ades, and polymer solar cells with power conversion efficiencies of 13.1% have been reported.
The understanding of the photophysical mechanisms in photovoltaic devices plays a significant
role in determining the optoelectronic properties of high-performance OSCs. This review gives a
fundamental description of the photophysical mechanisms in OSCs, with the main emphasis on
the exciton transfer and charge-transfer mechanisms. In addition, it highlights the capabilities of
various experimental techniques for the characterization of energy transfer and charge transport,
as well as their roles in dictating the architecture of photovoltaic devices. © 2018 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.8.021001]
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1 Introduction

One of the most promising ways to tackle today’s energy issues and meet the world’s large
energy demand is harnessing solar energy intelligently and efficiently. Solar cells, which convert
the sunlight directly into electricity by the photovoltaic effect, are one of the fast-growing tech-
nologies for harvesting solar energy. Solar cells based on the use of inorganic materials, such as
crystalline silicon (Si), cadmium telluride (CdTe), or copper indium germanium selenide (CIGS),
have become dominant photovoltaic technologies in recent years. However, the high cost of raw
materials and manufacturing processes have impeded the pace of development of solar cells.
Thus, we are stimulated to explore low-cost and environmental-friendly materials for solar
cell devices. In the last two decades, organic solar cells (OSCs), especially polymer solar
cells, have attracted a significant amount of attention and developed rapidly due to their advan-
tages of being low-cost, lightweight, and easily fabricated in large areas by roll-to-roll
techniques.1–3 Tang4 successfully introduced the donor–acceptor bilayer planar heterojunction
to organic photovoltaic cell by utilizing copper phthalocyanine and perylene tetracarboxylic
derivative as materials for Frenkel exciton formation, dissociation, and transportation. This
two-layered organic photovoltaic cell achieved a low power conversion efficiency (PCE) of
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about 1% and fill factor (FF) value as high as 0.65 under simulated AM2 solar illumination. One
of the milestones in OSCs was the wide application of fullerene and its derivatives (such as [6,6]-
phenyl-C61-butyric acid methyl ester, PCBM) as electron transport materials in OSC devices. A
few years later, Sariciftci et al.5 and Kraabel et al.,6 observed the photo-induced electron transfer
phenomena from poly[2-methoxy-5-(2-ethylhexyloxy)]-1,4-phenylenevinylene(MEH-PPV) and
fullerene (C60) composite, which showed the successful application of donor and acceptor mate-
rials in OSC devices and realized the efficient electron transfer into the electrode. Sariciftci et al.7

first demonstrated the planar heterojunction polymer solar cells; however, the small contact area
between the donor–acceptor interface and shorter hole and electron carriers diffusion lifetime
limited the development of this type of OSCs. These issues were addressed later by codepositing
p-type phthalocyanine (PC) pigments and n-type perylene derivative (PTC) pigments to form a
sandwich-like three-layered OSC.8 The bulk heterojunction (BHJ) that involves mixing donor
and acceptor in the bulk body of OSC devices realized a large number of molecular interface
contacts for effective charge carrier photogeneration. Halls et al.9 and Yu et al.10 developed an
efficient BHJ polymer solar cell that achieved charge separation efficiently due to the photo-
induced electron transfer from donor material (MEH-PPV) to acceptor material (C60). Since
then, the polymer-fullerene and BHJ structure became the standard configuration for the devel-
opment of organic polymer solar cells. Recently, Zhao et al.11 reported a highly efficient PBTA-
TF:IT-M-based device that was processed by environmentally friendly solvents, tetrahydrofuran/
isopropyl alcohol (THF/IPA) and o-xylene/1-phenylnaphthalene; state-of-the-art OSCs could
achieve a top conversion efficiency of 13.1%. Furthermore, the PCE of THF/IPA-processed
large-area device (1.0 cm2), which was made by blade-coating techniques, could maintain at
10.6%, driving leapfrog development of large-scale production of high-efficient OSCs in the
near future.

Until now, the field of OSCs has experienced significant growth, and the mysterious photo-
electricity conversion mechanisms were unveiled gradually in the past 30 years. It is clear that the
photoelectricity conversion process in OSCs can be summarized in three crucial points: (1) exci-
ton generation, transport, and dissociation; (2) charge carrier transport; and (3) charge carrier
collected by electrodes.12 However, the fundamental understanding of relevant physical dynamics
in OSCs should be improved for designing the next generation of photovoltaic materials and
devices.

The goal of this review is to provide a wide scope and recent advanced understandings toward
the photophysical mechanism, which is a decisive factor in obtaining high-performance OSC
devices. In this review, the simple models and underlying energy transfer mechanisms of exciton
generation, transport, and dissociation are introduced. In the subsequent part, the mechanisms of
charge carrier generation, transfer, trapping, and recombination in OSCs are described in detail.
Then, the characterization techniques for the photophysical dynamics in OSCs are presented. In
addition, a brief summary and future perspectives for OSC devices are discussed.

2 Exciton Energy Transfer

For organic semiconductor materials, the highest occupied and the lowest unoccupied molecular
orbitals (HOMO and LUMO, also can be denoted as π and π�, respectively in π-systems) have
huge effects on electrical conductivity and optical properties. In the ground state, electrons fill
orbitals with lowest energies by maximum two electrons with the spins in opposite directions at
each orbital. The bandgap value, which is the important parameter of organic semiconductor
materials, can be obtained from the energy difference between HOMO and LUMO energy
levels.13 If the electron originated from a molecule is bouncing to get rid of the exciton binding
force due to the absorption of a photon, the electrons transfer from HOMO to LUMO energy
level occurs and then becomes a competing process with the energy transfer (Fig. 1). The wave
functions of donor and acceptor materials always determine the short-range interactions
(<1 nm), which finally enable the donor and acceptor molecules with positive and negative
charges. Marcus theory14–16 provided the most common description about the electron transfer
from HOMO energy level to LUMO energy level, in which the transfer rate can be expressed as
follows:
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where JDA is the electronic coupling, λ is the reorganization energy, and ΔG is the total Gibbs
energy change for the exciton transport reaction.

Förster transfer and Dexter transfer are the two main mechanisms for the exciton migration in
organic solar devices.18–20 The Förster energy transfer, also called Förster resonant energy trans-
fer, occurs with a dipole–dipole electromagnetic interaction when the absorption spectrum of
acceptor materials has immense overlap with the emission spectrum of donor materials. The
Förster energy transfer phenomenon is commonly observed in the photon absorption and photo-
synthesis phase, where the energy of absorbed photons is transmitted to the reaction center in the
photosensitive materials.

The Dexter transfer occurs when the energy transfers through the direct exchange of electrons
if a spectral overlap is presented.18 The rate of the Dexter transfer becomes negligible as
the spacing between donor and acceptor materials reaches more than one or two molecular
diameters.21 Since the Dexter energy transfer mechanism can be realized through direct
exchange of electrons, it requires the spectral overlap between both donor molecules and
acceptor molecules. The transfer rate equation for the Dexter energy transfer mechanism can
be expressed as22

EQ-TARGET;temp:intralink-;e002;116;312kDðdÞ ¼ KJe
�
−2d

L

�
; (2)

where J is the spectral overlap integral normalized for the extinction coefficient of ground state
molecules, K is related to specific orbital interaction, and L is the Van der Waals radius. It is
noticeable that the probability of the Dexter energy transfer exponentially decreases with the
distance between donor and acceptor.

The Dexter energy transfer is a nearest-neighbor activity with a shorter range of 0.1 to 1 nm,
while the Förster energy transfer can occur for donor–acceptor separations in the range of 1 to
5 nm.20,23 Since the Dexter energy transfer arises from exchanging electrons of the same spin but
different energies, both singlet and triplet excitons may be migrated by this mechanism, whereas
only singlet excitons usually can be transferred via the Förster mechanism.24,25

Diffusion is the process that particles in space spread from a high concentration area to a low
concentration area with the movement in random directions. The diffusion length is a significant
parameter for organic active materials in photovoltaic devices, which reflects an exciton migra-
tion distance before it decays. The diffusion length can be described as

EQ-TARGET;temp:intralink-;e003;116;119LD ¼
ffiffiffiffiffiffiffiffiffi
ZDτ

p
; (3)

where D is the diffusion coefficient, τ is the exciton lifetime, and Z ¼ 1, 2, or 3 depending on
whether diffusion occurs in one-, two-, or three-dimensional space.

Fig. 1 Simplified schematic of photoconversion in an organic photovoltaic cell with the processes
of photon absorption (ηA), exciton diffusion (ηD), exciton dissociation by CT (ηCT), and charge car-
rier collection (ηCC) denoted. Reproduced with permission from Ref. 17. Copyright 2013 Royal
Society of Chemistry.
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The exciton–exciton annihilation may occur due to high exciton densities. Exciton quenching
can also be found by defects, metal interfaces, and so on, leading to the decrease of photolu-
minescence (PL) lifetimes and quantum yields. Mikhnenko et al.26 reported that the exciton
quenching sites for exciton diffusion show the identical origin to traps for charge transport
in many polymeric and small-molecule materials. Thus, the optimal charge transport could
also be reached by the optimization of exciton transfer. In fact, exciton diffusion coefficients
could be increased by reducing the disorder, resulting in the improvement of charge carrier
mobility in materials ranging between amorphous polymers27 and crystalline small-molecule
films.28

3 Charge Carrier Transport

In OSCs, the excitons (also known as electron–hole pairs) generate through light absorption,
which has a relative high binding energy (typically 0.2 to 0.5 eV) due to the Coulombic
force attraction. For BHJSCs, the contact interfaces between the donor and acceptor materials
become the main sites for dissociating the strongly attracted bound excitons and then form the
free charge carriers (hole carrier and electron carrier). When the donor and the acceptor materials
contact directly, the electron transfer to the acceptor occurs by overcoming the exciton-binding
energy. After this transfer process, Coulombic attraction can affect the electron–hole pairs since
the donor and acceptor phases are still physically close to each other. This special temporary
phase in which the electron–hole pairs bond by Coulombic attraction is known as the charge-
transfer (CT) state.

3.1 Free Charge Generation

The existence of the CT state and ultrafast generation of free charge carriers have been reported;
however, it is difficult to figure out how the CT state dissociates into free charge carriers. What is
the photophysical mechanism during the transfer process from the CT state to free charge car-
riers? Is there any controversial debate on the formation of free charge carrier from the hot CT
state or the relaxed CT state?

The incident light with photons exceeding the energy of donor material’s optical absorption
gap will generate a temporary CT state rather than a free charge carrier. During the excitation
process, the above-gap excitation and below-gap excitation will appear, but Lee et al.29 have
proved that the excess thermal energy plays a negligible role in the CT state separation because
these two excitations showed the same short-circuit current of photovoltaic devices by adjusting
the incident intensity. At the interface of donor and acceptor materials, the electron will transfer
to the acceptor material and leave a hole in the donor material.5 It is notable that the singlets will
recombine if the path to acceptor materials is too far. The CT state is generally generated with
excess thermal energy (ΔGCT) as a result of the energy difference between the excited state and
the CT state. At this stage, there are two competing processes, as shown in Fig. 2: (1) the hot CT
state generated with excess thermal energy can directly dissociate into charge-separated (CS)
states, forming free charge carriers; (2) the hot CT state can thermally relax to the lowest
CT state (CT1) (path 2a) and dissociate to the CS state (path 2b) to generate the photocurrent.30

For the path 1 mentioned above, Ohkita et al.31 realized that the excess energy can also result
in the formation of free charge carriers before the formation of thermally relaxed charge carrier
states. During this internal process, the formation of the hot CT state and dissociation occur with
ultrafast conversion time, usually on the order of several hundred femtoseconds.32 The relation-
ship between the excess thermal energy and the formation of free charge carriers has been
investigated.32 Clarke et al.33 found that the short-circuit current based on poly(3-hexylthio-
phene) (P3HT)/PCBM solar cell has been improved by a simply thermal annealing method.
The transient absorption spectroscopy was employed to demonstrate their thermal annealing
process, resulting in a twofold increase in the yield of free charge carriers. They ascribed
the improvement for the generation of free charge carriers to the increment of the free energy,
which is induced by the enhanced polymer crystallinity upon thermal annealing. Their obser-
vations well-agree with the hot CT mechanism in which the excess thermal energy enables the
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electron–hole pairs to overcome their Coulombic binding energy more easily and therefore
improves the dissociation efficiency of the CT state. Bakulin et al.34 further investigated the
kinetics of the bound CT state and observed that the kinetics of the CT state recombination
were quite similar for both charge-generation mechanisms, indicating that the nature of the gen-
erated CT states does not depend on the CT pathway. Nonetheless, they found that the yield of
bound and free charges strongly depends on the particular driving energy provided by
HOMOD − HOMOA (hole transfer) or LUMOD − LUMOA (electron transfer) of the material
system. The yield of bound CT states dramatically increased with decreasing energy difference
driving the CT.

Albrecht et al.35 reported that the field dependence of the charge carrier generation mecha-
nism on the photoexcitation of the donor excited state, acceptor excited state, and CT manifold
was investigated by the time-delayed collection field technique. The total extracted charge carrier
density was detected through measuring the free carrier generation yield at a certain bias voltage.
Vandewal et al.36 then confirmed the role of the lowest energy emissive interfacial charge-trans-
fer state (CT1) during the charge-generation process. They thus demonstrated that free charge
carriers can be generated from the relaxed charge-transfer state (CT1) (path 2) rather than the hot
CT state. Howard et al.37 used transient optical spectroscopy in the visible and near-infrared
spectral regions to directly observe efficient ultrafast free charge generation in the absence
of field in annealed P3HT:PCBM blend. However, they found that the generation of free charge
carriers is much less efficient in unannealed and amorphous regiorandom blends with larger
ΔGCT. This finding provided additional evidence against the hot CT mechanism in which a
larger amount of free charge carriers could be generated by the system with more excess thermal
energy. They therefore concluded that the PCE of annealed P3HT:PCBM solar cells depends on
their ability to directly generate free charges upon the exciton quenching process. This ultrafast
free charge generation highly relied on the surface morphology. The blended films with
increased order led to greater free charge generation. By utilizing time-resolved photoemission
spectroscopy, Wang et al.38 studied the spatial size and electronic energy of a manifold of CT
states at the zinc phthalocyanine (ZnPc)–fullerene (C60) donor–acceptor interface. This inves-
tigation provided more detailed information related to the CT process that has not been accom-
plished by the other experimental techniques. It was found that CT at the interface first populates
delocalized CT excitons with the maximum delocalization size of 4 nm. The delocalized CT
excitons are then relaxed in energy to produce CT states with delocalization sizes in the
range of 1 to 3 nm. While the CT process from ZnPc to C60 occurs in about 150 fs after photo-
excitation, the localization and energy relaxation occur in 2 ps. This multidimensional inves-
tigation on how CT excitons evolve in time, space, and energy could allow us to explore
the exciton dissociation mechanism. Recently, Athanasopoulos et al.39 demonstrated that effi-
cient charge separation of electron–hole pairs in organic planar heterojunction solar cells could
be achieved by an incoherent hopping process of vibrationally relaxed CT states.40 By Monte

Fig. 2 Energy diagram summarizing the debate concerning charge generation. Photon absorption
generates singlet excitons (S1), which dissociate at the interfaces, forming CT states with excess
thermal energy (ΔGCT), known as hot CT states. The hot CT state can (1) directly dissociate into
the CS state or (2a) first thermalize to the relaxed CT state (CT1) and then (2b) dissociate into the
CS state. Above-gap and below-gap excitation are also shown in the figure. Reproduced with
permission from Ref. 30. Copyright 2014 Royal Society of Chemistry.
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Carlo simulations, they simulated the dissociation of the charge-transfer state in polymer–ful-
lerene bilayer solar cells. These theoretical results were then applied to explicate experimental
outcomes of field independent charge separation without any “hot” processes, in agreement with
Ref. 36. As a result, the coherent transport is not the only pathway to enhance the efficiencies of
OSCs. In other words, the performance of organic photovoltaic devices could be optimized by
the material architectures through an incoherent hopping mechanism.

3.2 Charge Trapping and Recombination

In conventional crystalline semiconductors, an empty electronic state that is localized and dis-
tinct from the delocalized band or transfer states is defined as a trap. For example, an electron
trap is an empty state located below the conduction band minimum whereas a hole trap is a state
filled with electrons located above the valence band maximum, as shown in Fig. 3. In general,
this electronic state has lower energy than the transfer state. It should be noted that the transfer
process can be occurred by activated hopping or tunneling from trap to trap if the trap density is
high enough. In other words, the trap states are not necessarily immobile.41

In organic semiconductors, the definition of traps in the band structure of organic materials is
the same as the conventional semiconductors in terms of the location of electronic states. The
displacement or misorientation of molecules from their equilibrium positions or intramolecular
distortions can frequently lead to the intrinsic structural defects of organic semiconductors. If
there is enough intermolecular interaction to produce electronic dispersion across molecules in
the organic semiconductor, removing a molecule (i.e., creating a vacancy) will reduce the elec-
tronic coupling between neighbors and thus increase the electronic energy of electrons and holes.
As a result, a vacancy does not give rise to electronic trap states in any distinct way. In a general
way, configurations that generate traps must result in an increase in electronic coupling. In gen-
eral, any irreversible degradation reaction that decreases conjugation or electronic coupling may
not create a trap. A portion with a higher-than-average conjugation length can constitute a trap.
In organic semiconductor materials, a region of materials where molecules are closer to each
other will form a trap region in a thin film. Until now, the structural features with electronic
defects in organic semiconductors have not been completely identified and still remained
unclear.

In general, the traps in organic semiconductor materials are harmful to the performance of
optoelectronic devices. When charges are injected into the semiconductor film, they rapidly
thermalize in the density of states (DOS), which possibly involve the traps. Also, the

Fig. 3 Sketch of the electronic distribution of trap states in DOS of a semiconductor. Reproduced
with permission from Ref. 42. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
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electrical instabilities on electronic devices may appear when charges relax into traps over
longer timescales.42 It is fundamentally important to detect and characterize traps in organic
materials for establishing structure–property relationships and understanding the origin of
electronic defects. In recent years, the optical methods,43–45 scanning probe methods,46–50

and electrical methods51–57 were utilized to detect and probe the origin of traps in organic
materials, but the trap distributions still need to be figured out with more advanced tech-
niques and methods.

In OSCs, the CT complex can either be dissociated to yield free charges or recombined to
electron–hole pairs. The recombination of CT complexes is either radiative or nonradiative. The
electron may be transferred to the ground state, or transferred from accepter molecules back to
donor molecules. In the later case, the photophysical process is from either the regeneration of a
donor singlet excited state58 or back electron transfer by the transition to a triplet excited state in
the donor material.59 After a CT complex is generated from a singlet exciton, a subsequent
recombination is called geminate because its constituents originate from the same donor
excitation.60 Thus, it should be a first-order process, showing a lifetime independent of the
CT concentration. Nonetheless, CT states are intermediate states as well for the free polaron
recombination. When two oppositely charged polarons encounter, they can create a CT complex,
which then undergoes a second-order recombination. This is known as nongeminate recombi-
nation because the two polarons were formed independently from one another. In general, the
probabilities of a recombination process depend on the energy difference between the CTand the
overlap integral of the corresponding orbitals.60

Another important process related to the CT recombination involves the generation of triplet
excitons. Undoubtedly, triplet excited states can be populated not only by intersystem crossing
from singlet states of the donors61 but also by a back electron transfer from a generated CT
complex to a triplet exciton again on the donor molecules. These recombination processes
for donor–acceptor combinations can result in the degradation of photovoltaic performance.
Veldman et al.59 systematically studied the relative energies of CT and triplet excited states
in the blend of conjugated polymers (as an electron donor) and PCBM molecules (as an electron
acceptor) using a combination of electrochemical and photophysical methods. They observed
that if the triplet excited state is at least 100 meV lower in energy than the CT state, the recombi-
nation process can be easily triggered and further revealed that a singlet–triplet energy gap of
ΔEST < 0.2 eV can prevent the charge recombination into triplet excited states for an optimized
organic donor–acceptor heterojunction with a minimal offset between the lowest singlet excited
states and CT energies. Hence, the energy level of triplet excited states has to be taken into
account to design efficient materials for OSCs with minimal driving force. In general, the recom-
bination from the CT state to triplet state can also be influenced by the electric field. However,
this transition process can only take place if the spin dephasing time of the CT state is shorter
than its lifetime.62 In other words, the recombination occurs if the transfer from the CT state to a
triplet state is more rapid than that of its negative constituent into a triplet excited state of the
donor. If the relative amount of PCBM molecules is increased, the electron transfer from CT
complexes back to triplet excited states is reduced.60 These CT recombination processes abso-
lutely have a negative impact on the photovoltaic performance, consisting of open-circuit voltage
(Voc), short-circuit current (Isc), and FF.

4 Methods for Photophysical Dynamics of Excitons and Charge
Carriers

In this section, selected techniques for characterizing the dynamics of excitons and charge car-
riers in OSCs are summarized, with a focus on insights they offered into the photophysical proc-
esses of electronic states in organic optoelectronic materials. The purpose of this section is to
emphasize the capabilities of the experimental methodologies that explore specific aspects
related to photophysical phenomena, including exciton generation, exciton diffusion, charge sep-
aration, charge transport, and charge recombination. Moreover, a combination of these advanced
characterization techniques allows us to further understand photophysical and electronic proc-
esses, enabling new insights into the development of new techniques.
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4.1 Exciton Diffusion Parameters

In amorphous and polycrystalline organic semiconductor materials, the singlet exciton diffusion
parameters (i.e., diffusion length and diffusion coefficient) are generally reported in the range of
5 to 20 nm and 3 × 10−4 to 5 × 10−3 cm2 s−1, respectively.63–70 It is still not thoroughly clear why
exciton diffusion parameters are almost identical in a wide range of materials. What aspects have
an influence on exciton diffusion parameters? How do these aspects correlate with the perfor-
mance of photovoltaic devices? To figure out these answers, systematic investigations of exciton
diffusion parameters are necessary for a series of materials with different chemical composition,
morphology, and performance of solar cells.65,71,72 In the following, the available techniques for
determining exciton diffusion parameters are summarized, and the strengths and weaknesses for
each method are discussed. For the sake of providing a comprehensive comparison between
these selected methods, Table 1 summarizes the measurement methods and data analysis of
each technique to evaluate the exciton diffusion parameters. In the concentration-based quench-
ing model,73 the blended material/quencher films are spin-coated on the substrate. To investigate

Table 1 Comparison of various methods to measure exciton diffusion parameters.

Method Measurement Data analysis Reference

Concentration-
based quenching
model

• Time-resolved PL decay • Estimation of diffusion lifetime 73

• Concentration • PL decay fitting with hindered
access model to estimate exciton
diffusion coefficient

• Calculation of exciton diffusion length

TOF quenching
model

• Time-resolved spectra • Calculation of PL quenching efficiency 74

• Film thickness • Estimation of exciton quenching fraction

• Complex index of refraction • Calculation of diffusion coefficient and
diffusion lengths

• Optical absorption spectra

Monte Carlo
simulation method

• Time-resolved PL decay • Calculation of quenching efficiency 75–77

• Film density • PL decay fitting with Monte Carlo
simulation model

Photocurrent
spectrum
model

• The photocurrent of
photovoltaic devices

• Estimation of exciton density
distribution

70, 78,
and 79

• Optical absorption • Calculation of diffusion coefficient and
diffusion lengths

Transient decays
method

• Transient absorption spectra
transient absorption decays

• Analysis of triplet–triplet annihilation 80

• Transient decays at different
temperatures

• Estimation of diffusion coefficient

Exciton–exciton
Annihilation

• Time-resolved PL at different
excitation densities

• PL decay fitting with an analytical
model

81 and 82

• Thickness and film density

Förster resonance
energy transfer
theory

• Steady-state absorption, PL
spectrum and PL quantum
yield

• Estimation of the distance between
molecules

67 and 72

• Density and thickness of films • Calculation of the Förster radius and
the diffusion coefficient

• Index of refraction
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the exciton diffusion, hindered-access-type quenching experiments are carried out whereby the
PL decay of the material is monitored as a function of the addition of increasing concentrations
of the quenchers (e.g., PCBM) for determining the diffusion-controlled quenching rate, kq,
which is then related to the exciton diffusion coefficient, D, and diffusion length, LD. The
time-of-flight quenching experiment74 is performed by casting a series of material films of
known and varying thickness (ca. 25 to 80 nm), on top of which a layer of the quencher is
deposited (bilayer material/quencher films). In this configuration, the exciton lifetime varies
with the film thickness since its natural decay via radiative and nonradiative processes competes
with quenching at the quencher’s interface, and the time needed for the exciton to arrive at the
interface is related to the film thickness and the exciton diffusion parameters, D and LD, respec-
tively. The exciton quenching can also be analyzed by a Monte Carlo simulation,75–77 resulting in
the estimation of exciton diffusion parameters. In the Monte Carlo simulation technique, the
measured exciton diffusion lifetime in pristine materials is input into the Monte Carlo simulation
where the diffusion coefficient is fitted to match the measured quenching efficiency at a given
concentration of the quencher. In this technique, the exciton diffusion length is correlated to the
distance an exciton is required to travel to reach a quencher molecule. Using photocurrent and
optical absorption as a function of wavelength,70,78,79 the exciton diffusion parameters of the
material can be estimated by several assumptions: (1) the current is limited by exciton diffusion
to contacts; (2) the exciton diffusion is proportional to the space derivative of the exciton dis-
tribution; (3) the metal surfaces are perfect exciton quenchers so that the exciton densities at the
surfaces are about zero. Transient decays80 of triplet–triplet absorption of excited materials films
are measured by the transient absorption of laser photolysis with a kinetic study containing a
triplet–triplet annihilation in a wide temperature range (20 to 240 K). The rate constant of the
triplet–triplet annihilation is analyzed by a diffusion model to obtain exciton diffusion param-
eters. As for the exciton–exciton annihilation method,81,82 time-resolved PL is monitored at var-
iable excitation fluence to measure the decay of excitons because of the diffusion limited,
collision, and annihilation. The exciton diffusion length is correlated to the exciton density
at which most of generated excitons can be quenched via the exciton–exciton annihilation.
In the bulk quenching methods, organic semiconductors are blended exciton quenchers to
make homogeneous mixtures. Exciton quenching efficiency in blended films is detected as a
function of quencher’s concentration. The quenching process can be analyzed by a Monte
Carlo simulation or the Sterm–Volmer equation resulting in exciton diffusion parameters.
For the Förster resonance energy transfer theory,67,72 the diffusion coefficient is calculated
from the Förster radius and the distance between chromophores, and the exciton diffusion length
is then evaluated using Eq. (3).

4.2 Charge Carrier Mobility

The molecular structure and the intermolecular interactions of organic and conjugated polymer
semiconductors directly affect the charge transport characteristics. The charge carrier mobility of
conjugated polymers depends on intrachain charge transport and interchain interactions, which
are mainly mediated by thermally activated hopping.83,84 To enhance the performance of OSC
devices, the efficient transport of separated charge carriers (holes and electrons) within the donor
and acceptor materials is especially critical. In recent years, the alternative techniques, such as
space-charge-limited current (SCLC),85–87 time-of-flight (TOF),88–90 carrier extraction by lin-
early increasing voltage (CELIV),91–93 photogenerated charges in CELIV (photo-CELIV),94–
97 double injection (DI),98–100 field effect transistor,101–104 and impedance spectroscopy,105,106

are utilized to characterize the charge transport in organic semiconductors. However, not all
of these characterization methods are applicable for a particular material. The selection of
the method relies on the sample thickness, nature of the electrodes, and the energy levels of
the materials. More detailed information of the SCLC, TOF, CELIV, photo-CELIV, and DI tech-
niques are mainly discussed below.

The sample consisting of a thin organic semiconductor sandwiched between two electrodes is
utilized to characterize the charge transport by a dark injection space-charge-limited current (DI-
SCLC) method. In the DI-SCLC method, a step function voltage is applied to the injection con-
tact of the sandwiched sample for both hole and electron mobility measurements. The typical
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observed current transient shows a peak at τDI (Fig. 4), which relates to the free carrier transit
time ttr as

107

EQ-TARGET;temp:intralink-;e004;116;507τDI ¼ 0.787ttr: (4)

The ttr obtained by Eq. (4) can be used to calculate the charge carrier mobility through
Eq. (5):

EQ-TARGET;temp:intralink-;e005;116;451μ ¼ v
E
¼ d∕ttr

V∕d
¼ d2

Vttr
; (5)

where V is the step function voltage and d is the sample thickness.
Because we can easily make thin films for organic molecules, the DI-SCLC method has

been successfully utilized to measure the hole transport for small-molecule organic semi-
conductors such as 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene
(spiro-MeOTAD),109 4,4′-bis[N-(1-naphthyl)-N-phenylamino]-biphenyl,110 and polyfluorene
copolymers.111,112

Furthermore, the trap-free SCLC method has been widely applied to characterize the charge
transport and determine the charge carrier mobility in conjugated polymers for bulk heterojunc-
tion organic solar cells (BHJSCs). Blom et al.113–115 used this method to estimate hole and elec-
tron mobilities in the blends of poly(p-phenylene vinylene)s (PPV) and 6,6-phenyl C61-butyric
acid methyl ester (PCBM). Shrotriya et al.116 also utilized the SCLC technique to study the effect
of the growth rate of phases in an active layer of BHJSC on the mobilities of its components,
P3HT and PCBM. Although this technique has been widely used, a charge injection contact is
still critical for SCLC. The SCLC methods cannot be utilized to detect hole mobility for organic
semiconductors with very low HOMO levels or estimate electron mobilities for organic semi-
conductors with very high LUMO levels. For those specific materials, the TOF technique is one
of the best choices.

The TOF method is very commonly used to determine charge carrier mobility in organic
semiconductors. With regard to this measurement method, transparent/semitransparent electrode
and a thicker film (>1 μm) of the organic semiconductor are requisite. In addition, the param-
eters, including dielectric relaxation time, sample thickness, and RC time constant, should
be considered before measuring the charge carrier mobility using the TOF technique. In general,
the dielectric relaxation time should be larger than the transit time, which is defined as the time
for the photogenerated charges to relax back to the original state; sample thickness should
be much larger than the inverse of the absorption coefficient; and the RC time constant should
be significantly smaller than the transit time. The charge carrier mobility can be calculated as

Fig. 4 A representative schematic for an ideal DI current transient. Reproduced with permission
from Ref. 108. Copyright 2012 Wiley Periodicals, Inc.
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EQ-TARGET;temp:intralink-;e006;116;548μ ¼ d2

ttrV
; (6)

where V is the applied voltage, ttr is the free carrier transit time, and d is the sample thickness.
As regards an advantage of the TOF technique, the mobility of both electron and hole charge

carriers can be estimated from the same sample using this method. Moreover, many materials
have been studied by the TOF method to obtain the electron and hole mobilities, including
organic and organometallic molecules,117–119 conjugated polymers,120–122 and conjugated poly-
mer networks.123,124

CELIV has been recently used for the characterization of charge transport in organic
semiconductors.91–93 The sample geometry and the required energy levels for the CELIV tech-
nique are similar to that for the TOF technique. However, in comparison to TOF measurements,
the CELIV technique is applicable for thin films. The required thickness of spin-coated films is
usually a few hundred nanometers for CELIV measurements. With regard to its other strength,
the CELV technique allows us to measure charge carrier mobilities in materials with high bulk
conductivity. Also, complete charge depletion from the prepared sample is not requisite.
Accordingly, much weaker electric fields can be applied as compared with TOF measurements.
The experimental setup utilized in CELIV measurements is similar to that employed in TOF
technique, except that a linearly increasing voltage (ramp) pulse with slope, A ¼ U∕tpulse
(where tpulse is the duration of the ramp), is applied to the prepared sample.125 Figure 5
shows a typical current transient obtained from a CELIV measurement. The increase of the initial
step in the current is because of the capacitance of the prepared sample, given as

EQ-TARGET;temp:intralink-;e007;116;284jð0Þ ¼ εε0A
d

; (7)

where d is the film thickness.91 The increase in current after jð0Þ is caused by the extraction of
the dominant charge carrier present in the sample. The time required to reach the maximum in the
extraction current (tmax) is used for the determination of the charge carrier mobility. The mobility
is obtained from the measured current as

EQ-TARGET;temp:intralink-;e008;116;195μ ¼ 2d2

3At2max

�
1þ 0.36

Δj
jð0Þ

�
−1
; (8)

where A is the rate of increase of the applied voltage and Δj is the difference between the maxi-
mum current and jð0Þ. Equation (8) is valid when Δj∕jð0Þ is less than or close to one. In the case
where Δj∕jð0Þ ≤ 7, numerical solutions to the equations describing the current transient yield
a more precise expression for mobility given as126

Fig. 5 A representative schematic for an ideal current transient obtained in CELIV for the applied
voltage ramp. Reproduced with permission from Ref. 108. Copyright 2012 Wiley Periodicals, Inc.
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EQ-TARGET;temp:intralink-;e009;116;735μ ¼ 2d2

At2max

½0.329e−0.180Δj∕jð0Þ þ 0.005e0.253Δj∕jð0Þ�: (9)

In organic semiconductors, the equilibrium charge carriers are commonly present by virtue of
low-level doping or impurities. In the case of materials without these equilibrium charge carriers,
sample under irradiation with a short laser pulse can be used to collect photogenerated charge
carriers, which can then be extracted from the film after a certain delay. This modified technique
is typically referred to as photo-CELIV and the charge carrier mobility can be estimated by
utilizing equations used for CELIV measurements.127 The photo-CELIV technique has also
been applied to determine the mobilities in the active layers of BHJSC. In the photo-CELIV
technique, long photo pulse and constant illumination could also be utilized. For photo-
CELIV, the distribution of the photogenerated charge carriers and their recombination effects
have also been studied. These effects may show serious errors under certain conditions.
More experimental application associated with the photo-CELIV technique can be found in
Refs. 94, 96, and 97. As a result of the diverse strengths of the CELIV and photo-CELIV tech-
niques, these techniques are being increasingly utilized for the measurement of charge carrier
mobilities in donor–acceptor blends.128–130

The DI transient technique can be used for samples with injecting contacts, whereas the TOF
technique cannot be applied. The DI technique does not need a laser pulse for the photoexcitation
of organic materials. Also, through the selected electrodes, both the electrons and holes are
injected into samples. The effect of both electric field and temperature on charge carrier mobility
can be detected by utilizing the DI technique. The experimental setup used for DI is analogous to
that utilized in TOF. In this technique, a step function voltage is applied to the samples in the
forward bias, injecting both electrons and holes in the sample, and then the current transient is
obtained from the oscilloscope (Fig. 6). The determination of charge carrier mobility depends on
the relation between τσ and ttr. For the samples with high conductivity, the saturated DI current
can be calculated by Eq. (10) when τσ ≪ ttr:

EQ-TARGET;temp:intralink-;e010;116;410Js ¼
8Vεε0

9d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βL
β

1

τσta

s
; (10)

where d is the sample thickness, β is the bimolecular recombination coefficient, βL is the
Langevin recombination coefficient, and ta is the ambipolar carrier transit time.

The ambipolar charge carrier mobility can be calculated using ta; however, it might be
ambiguous in the current transient. Thus, a derivative of the current transient is plotted,
from which the obtained inflexion point (tm) is used to estimate the ambipolar charge carrier
mobility (μa)

Fig. 6 A representative schematic for an ideal current transient obtained in DI for the applied step
voltage. Reproduced with permission from Ref. 108. Copyright 2012 Wiley Periodicals, Inc.
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EQ-TARGET;temp:intralink-;e011;116;735ta ¼
6tm
5

¼ d2

Vμa
: (11)

For low conductivity samples, the saturated DI current is expressed below when τσ ≫ ttr and
when the recombination is Langevin type107

EQ-TARGET;temp:intralink-;e012;116;675Js ¼
9

8
εε0ðμe þ μhÞ

V2

d3
; (12)

where ε is the dielectric permittivity, ε0 is the relative permittivity, μeðμhÞ is the electron (hole)
mobility, V is an external applied voltage, and d is the sample thickness. In addition, the recom-
bination coefficient of bimolecules can also be estimated by the DI transient technique. This
technique has been utilized to investigate the ambipolar charge carrier mobility and the charge
carrier recombination in a variety of conjugated polymer–PCBM blends.98,99,131–133

4.3 Time-Resolved Spectroscopy

The charge carrier dynamics in OSC devices are investigated utilizing time-resolved spectros-
copy, such as pump–probe techniques,134–137 time-resolved microwave conductivity
(TRMC),138–140 time-resolved vibrational spectroscopy,141,142 time-resolved two-photon,142,143

and x-ray photoemission.144,145 Here, we mainly focus on the discussion of pump–probe tech-
nique and TRMC techniques.

Time-resolved pump–probe spectroscopy is a powerful technique for the characterization of
excited states and the charge carrier dynamics of various materials, providing a complete photo-
physical picture. For the basic configuration of pump–probe techniques, two pulsed beams (a
pump and a probe) are incident on a sample, and the time delay between the pulses is controlled
with a delay line. The transmission or reflection of the probe beam is monitored as a function of
time delay with respect to the pump beam. The typical pump–probe experiment is shown in
Fig. 7. An excited state of the sample is generated by absorbing a first energetic pump
pulse, while a second delayed and weaker pulse tracks the pump-induced changes in the optical
response. The probe can be obtained either by attenuating the pump pulse using a beam splitter
(degenerate pump–probe) or generating a pulse with a different color (nondegenerate pump–
probe). The pulse duration and bandwidth are significant features of the experiment. The tem-
poral resolution of the experiment is only limited by the duration of pump and probe pulses,
which is <100 fs in the commercial femtosecond systems. As for the bandwidth, the pump pulse
should not be too broad to enable selective excitation of an optical transition. Moreover, the
probe pulse, which is ideally a transform-limited, δ-function white light pulse, should be as
short as possible (for simultaneously measuring transmission changes at many different
wavelengths).146

In recent years, time-resolved pump–probe spectroscopy has achieved considerable develop-
ment in terms of temporal resolution and pulse frequency bandwidth, which allows us to monitor
a wider range of transitions and their interplay on the earliest photophysical processes.
Nonetheless, to explore the effect of local environment on the photophysical processes and
the external factors in optoelectronic devices, the interactions between excited states need to
be further investigated to build a more complete picture. An advanced technique with both

Fig. 7 Scheme of a pump–probe experiment. Reproduced with permission from Ref. 147.
Copyright 2007 The Royal Society of Chemistry.
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100 fs resolution and diffraction limited spatial resolution, pump–probe spectroscopy combined
with a confocal microscope was then developed to study the influence of morphology. Notably,
this new technique has been favorable for imaging polaron-pairs that delocalize over two poly-
mer chains. In the blended films of PFO/PMMA, the submicron size regions were confirmed to
be fully isolated PFO chains, exhibiting highly impressive interesting photonic properties.146 In
addition, the electric field-assisted transient absorption spectroscopy technique,148 which can
probe the difference in the transmission of the probe beam through the sample with and without
an applied electric field, is utilized to readily discriminate the populations of the neutral and
charged states.

TRMC is an alternative method for performing fast photoconductivity measurements to char-
acterize the charge carrier mobility and the charge carrier generation efficiency. In contrast with
TOF measurements, this technique is an electrodeless technique, avoiding the requirement to use
Ohmic electrodes and therefore removing the effects owing to active layer–electrode interfaces.
In the TRMC experiment, the fabricated sample is excited by either an optical pulse or a highly
energetic electron beam, and the transmission or reflection of microwave probe pulse is detected.
According to the decrease of amplitude and/or a change in the phase of the electric field of a
microwave probe with nanosecond time resolution, this noncontact technique allows one to
probe real and imaginary parts of conductivity. Savenije et al.138 first applied the photo-induced
TRMC technique to measure the effect of the blended ratio between the polymer (a polyphe-
nylene-vinylene derivative) and the PCBM. In general, the microwave photoconductance setup
includes four vital portions: (1) a stable microwave source; (2) a pulsed, tunable photoexcitation
source; (3) a microwave cell loaded with the sample of interest; and (4) a sensitive detection and
data acquisition system. TRMC experiments can be executed in the transmission mode, as shown
in Fig. 8(a). Nonetheless, all present experiments have been implemented in the reflection mode,
thus requiring the incorporation of a microwave circulator, separating the reflected part from the
incident microwaves as shown in Fig. 8(b). The TRMC technique has offered valuable insights
into the nanosecond–microsecond charge carrier dynamics in polymer-based BHJs.139,140

4.4 Scanning Probe Microscopy

The scanning probe microscopy (SPM) method has been used to measure current flows, charge
distribution, resistance, capacitance, electrostatic forces, charge distribution, surface potential,
PL, and so on. The correlation between surface morphology and charge transport properties at
microscopic scales in organic semiconductors has been carried out using near-field scanning
optical microscopy (NSOM), conductive AFM (c-AFM), Kelvin probe scanning microscopy,
etc. The analysis of experimental results has provided the photophysical information related

Fig. 8 (a) Attenuation of microwaves propagating through a weakly conducting medium and
(b) schematic representation of the time-resolved microwave photoconductance setup.
Reproduced with permission from Ref. 140. Copyright 2013 American Chemical Society.
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to charge generation,149–151 charge transport properties,152,153 and the kinetics of charge trapping
and detrapping.46,47 More detailed information of SPM concerning investigations of the photo-
induced carrier dynamics can be found in Refs. 138 and 139. In this section, the common meth-
ods related to SPM techniques will be further discussed.

NSOM has been successfully utilized to probe and characterize optical properties of single
molecules and nanomaterials.154–156 This technique enables simultaneous assessment of surface
topology and optical absorption, PL, and/or photoconductive properties. The NSOM technique
can be carried out on conventional optical microscope platforms, making it much more versatile
for different operation modes, including illumination transmission, collection, illumination col-
lection, reflection, and reflection collection operated under either the sample or the detector in
the near-field regime. Importantly, the NSOM technique is also applied to investigate photocon-
ductivity or the generation of current under illumination. Photoconductivity is a significant prop-
erty of active semiconductor materials in solar cells and photodetectors. In the photoconductive
NSOM (p-NSOM) mode, the working device consists of a photoconductive material for current
generation under illumination. Hence, the p-NSOM mode can be realized by employing the
illumination, the illumination collection, or the reflection modes of p-NSOM. As shown in
Fig. 9, the p-NSOM is generally classified into three categories: (a) lateral electrode, (b) trans-
parent electrode geometry, and (c) electrode periphery geometry. Each mode of p-NSOM tech-
niques is suitable for the specified device and can offer simultaneous information related to
topography, photocurrent, fluorescence, and transmission in many cases.

The standard c-AFM employs an inverted confocal microscope to illuminate the sample from
the transparent electrode, and the c-AFM image is performed by scanning a conductive tip across
a sample at a fixed voltage, as shown in Fig. 10.157 This technique can be applied to simulta-
neously collect a current map and the topology in various organic materials. The charge carrier
dynamics in OSCs can also be further explored by c-AFM.158 In terms of the quality of images,
the c-AFM without using the near-field can produce a high-resolution image similar to the result
conducted using an AFM cantilever. Pingree et al.159 utilized this method to examine the

Fig. 9 Different models of p-NSOM. (a) Scanning region lies in between lateral electrodes.
(b) Scanning is carried out on a semitransparent electrode. (c) Scanning region lies in the vicinity
of the electrode. In (b) and (c) the bottom electrode is generally a transparent electrode such as
indium tin oxide. Typically, a voltage is applied in geometry (a) and (b). A voltage source is gen-
erally not necessary in configuration (c). In each case, critical optoelectronic features can be
extracted in addition to the topology and photocurrent images. A combination of these images
is very effective in arriving at a complete visualization and functionality of the sample.
Reproduced with permission from Ref. 157. Copyright 2013 Walter de Gruyter GmbH.
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evolution of morphology and spatial variations of the photocurrent across various domains in
P3HT:PCBM blends of OSCs under thermal annealing. In addition, they found that the regions
of highest dark hole currents, highest dark electron currents, and highest photocurrents after
annealing were associated with different regions of the nanostructured films. Dante et al.160

simultaneously studied changes of the film morphology and the charge transport for P3HT:
PCBM blended films upon thermal annealing. Moerman et al.161 reported that the lateral spatial
resolution of c-AFM technique is down to 5 nm, but quantitative analysis of the charge transport
is complicated by the uncertainty in the tip–sample contact area.162,163 To remedy this uncer-
tainty, the mechanical and electrical properties of the active materials (e.g., of P3HT films)
were simultaneously mapped out utilizing c-AFM.

Kelvin probe force microscopy (KPFM), also known as Kelvin probe microscopy, is another
scanning probe technique based on dynamic force microscopy mapping both film surface
topology and the electric potential with high spatial and electrical resolution. Kelvin164 first intro-
duced the KPFM technique, which is a combination of the macroscopic Kelvin probe technique
and the AFM technique. The standard KPFM method measures the electrostatic interaction
between the sample and a vibrating conductive probe mounted at the edge of a
cantilever.165,166 The electrostatic force is produced by the alignment of Fermi levels between
the probe and the sample during the measurement process. The KPFM technique is noncontact,
which can be utilized to determine the work function and surface potential distribution even
in poorly conducting films.166,167 This technique employed in working devices can probe photo-
physical processes, such as charge photogeneration and detrapping, under illumination.168

Palermo et al.169 utilized this KPFM technique to study the charging and discharging
dynamics of donor and acceptor domains in P3HT-based BHJSCs under the pulsed illumination.
However, the time resolution of this technique is on the order of milliseconds; thus, faster proc-
esses cannot be detected. Recent developments consisting of multifrequency band excitation
KPFM and 3D-KPFM techniques have further improved tip–sample deconvolution and bulk
sensitivity.170,171

Fig. 10 The configuration of C-AFM. Illumination of light created photogenerated charge carriers
which alter the local conductivity. A c-AFM tip can be used to map photoconductive regions.
Reproduced with permission from Ref. 157. Copyright 2013 Walter de Gruyter GmbH.
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4.5 Optical Absorption and Photoluminescence Imaging

The absorption and PL microscopies of organic semiconductors have been widely used to study
domains and interfaces in donor–acceptor blends,172 evaluate exciton diffusion processes,173,174

probe the nature of exciton states depending on the molecular order in crystalline films,175 exam-
ine the exciton delocalization,176 and so forth. Irkhin and Biaggio173 studied the exciton diffusion
in rubrene single crystals using localized photoexcitation and spatially resolved detection of the
excitonic luminescence. They utilized this technique to directly observe exciton diffusion and
exciton mobility anisotropy in molecular crystals and determined a triplet diffusion length of
4.0� 0.4 μm along the b-axis of rubrene single crystals. This imaging technique enables the
investigation of exciton diffusion under different experimental conditions and in different mate-
rials, thus extending the exploration of exciton diffusion phenomena and exciton transport proc-
esses in organic molecular crystals. Deotare et al.174 reported direct nanoscale imaging of the
charge transport in a donor–acceptor blend of m-MTDATA:3TPYMB, which proved that the
bound electron–hole pairs moved geminately over distances of 5 to 10 nm as a result of energetic
disorder and diffusion to lower energy sites. The variation in electron–hole spacing during the
diffusion was observed by the shape of the magnetic field dependence as a function of temper-
ature. The results revealed that the electron–hole pair of charge carrier states underwent a stretch-
ing transport mechanism such as an “inchworm” motion. By virtue of the rapid conversion from
excitons to CT states for donor and acceptor blends, it is possible that the diffusion distance of
CT states in many organic devices exceed the initial exciton, indicating the potential impact of
charge carrier transport on device performance. Sharifzadeh et al.176 combined the spatially
resolved polarization-dependent linear optical absorption measurement with ab initio density
functional theory as well as many-body perturbation theory to explore the relationship between
optical absorption properties and solid-state structure for solid-state organic 6,13-bis(triisopro-
pylsilylethynyl)-pentacene. They found that the lowest energy exciton in the bulk is delocalized
and the distribution of the exciton is over ≈3 nm (over three molecules). Regarding the proper-
ties of singlet fission, singlet–triplet energy splitting, the degree of delocalization, and charge-
transfer character of the singlet exciton are highly tunable with the control of π-orbital stacking,
so solid-state structures can be tailored for the optimization of singlet fission with appropriate
functionalization or growth conditions. Recently, Rawat et al.175 reported that metal-free phthalo-
cyanine crystalline films were characterized by spatially, temporally, and polarization-resolved
PL/linear dichroism microscopy. The experimental results showed the temperature-induced
switching between localized and delocalized excited states was related to a change in the tilt
of the long molecular axis.

5 Conclusion and Future Perspectives

In this review, we systematically discussed the recent progress in the understanding of photo-
physical mechanisms and characterization in organic photovoltaic devices. The contribution of
this review is first intended to discuss the exciton transfer process. The two main mechanisms,
Förster energy transfer and Dexter energy transfer in OSCs, are emphatically introduced. In the
following section, the mechanisms of charge carrier transport, including charge carrier gener-
ation as well as charge carrier trapping recombination, are further discussed. Until now, several
methodologies related to photophysical methods have been reported for characterization of the
photophysical dynamics of excitons and charge carriers. The common techniques such as con-
centration-based quenching model, TOF quenching model, Monte Carlo simulation method, and
so forth have been utilized to identify the exciton diffusion length parameters. Time-resolved
spectroscopy, SPM, optical absorption, and PL imaging techniques have been applied to inves-
tigate the charge carrier transport and estimate charge carrier mobilities.

The primary motivation in the area of OSCs largely stems from the potential applications of
organic semiconductor materials. However, many interesting phenomena related to investiga-
tions of photophysical processes using advanced characterization techniques still remain unclear
and need to be further explored. More comprehensive research is compulsory in all aspects of the
field, including theoretical descriptions of exciton energy transfer and charge carrier transport,
experimental discovery and validation, as well as systematic materials design. Theoretical
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models of exciton and charge generation require they be combined with the spin-dependent
dynamics, delocalization, and microscopic characteristics of the materials. The qualitative
and quantitative determination of exciton and charge generation need much deeper investigations
to further enhance the efficiency and stability of organic optoelectronic devices, including but
not limited to solar cells, transistors, photodetectors, image sensors, and light-emitting diodes.
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