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Future perspective of polymer solar cells based on recent in-depth understanding

of photovoltaic conversion mechanism

Hideo Ohkita

Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Kyoto 615-8510, Japan

E-mail: ohkita@photo.polym.kyoto-u.ac.jp

In this review, | will discuss the improvement of photovoltaic parameters, such as short-circuit current density (Jsc), open-circuit
voltage (Voc), and fill factor (FF), in terms of photophysical elementary processes of photovoltaic conversion in polymer solar
cells. These elementary processes can be directly observed using time-resolved spectroscopic measurements. Thus, | will
introduce the latest research topics, focusing on these spectroscopic analyses. Finally, | will mention future prospects for further
improvements in the power conversion efficiency of polymer solar cells.
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Polymer solar cells are composed of organic semiconductors,
such as conjugated polymers and conjugated low-molecular-
weight organic semiconductors, in the photoactive layer.
Hence, they have several advantages in terms of physical
properties such as lightweight and flexibility, and also can
be produced via the printing techniques based on solution
processes. Therefore, polymer solar cells have been widely
studied and developed as next-generation solar cells in
the world. In 1995, Friend and Heeger et al. independently
published pioneering papers on polymer solar cells using
conjugated polymers, although the power conversion effi-
ciency (PCE) was less than 1% [1,2]. Friend et al. reported
polymer solar cells using electron-donating conjugated poly-
mers and electron-accepting conjugated polymers. Heeger
et al. reported polymer solar cells using electron-donating
conjugated polymers and electron-accepting fullerene mole-
cules. In both cases, the efficiency was dramatically improved
by using a blend film in which a donor material and an
acceptor material are mixed as a photoactive layer. Such
a blend structure was called an interpenetrating polymer
network by Friend et al. and a bulk heterojunction (BHJ) by
Heeger et al. Since then, polymer solar cells composed
of conjugated polymers and fullerenes have been mainly
studied, and the name bulk heterojunction is widely used up
to now. In 1991, before the publication of the two papers,
Hiramoto et al. already reported that the PCE can be
improved by mixing donor and acceptor materials in a low-
molecular-weight organic thin-film solar cell [3]. This donor/
acceptor mixed structure is a breakthrough approach and still
the basic structure of organic thin-film solar cells. After this
breakthrough, the PCE has been steadily improved with the
development of new materials, largely owing to the diversity
of organic materials. Typical examples include the highly
soluble fullerene PCBM with substituents [4], crystalline
conjugated polymer P3HT [5], low-bandgap conjugated
polymer PTB7 [6], which is an alternating copolymer of
donor and acceptor units, and nonfullerene acceptor molecule
ITIC [7]. Another breakthrough in device structure following
the BHJ structure is a ternary blend device that introduces a
third component in addition to the donor and acceptor
materials. This makes it possible to overcome the limitation
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of the narrow absorption band of organic semiconductors and
to expand the light-harvesting band simply and effectively. In
2009, we demonstrated that the short-circuit current density
(Jsc) was effectively improved by addition of the phthalocy-
anine near-infrared dye SiPc into a P3HT/PCBM binary
device [8]. Very recently, a ternary blend device using a
conjugated polymer and nonfullerene acceptor has been
reported with a certified efficiency of 19.2% [9]. Efficiencies
over 20% will be achieved in the near future.

As mentioned above, the efficiency improvement of
polymer solar cells is largely due to the invention of new
device structures, such as the BHJ structure and the ternary
blend structure, as well as the development of new materials.
Simultaneously, fundamental research on the photovoltaic
conversion mechanism has contributed considerably to the
efficiency improvement. This is because a deeper under-
standing of the photovoltaic conversion mechanism has
enabled more rational material design and more effective
development of highly efficient new materials. In this paper,
we describe analytical approaches to the Jsc, open-circuit
voltage (Voc), and fill factor (FF) of polymer solar cells in
terms of photophysical elementary processes in photovoltaic
conversion and discuss strategies for further improving these
photovoltaic parameters.

2. Photophysical elementary process of
photovoltaic conversion in polymer solar cells

As mentioned before, the photoactive layer of a polymer
solar cell generally has a blend structure of a donor material
and an acceptor material. However, here, for simplicity, we
consider a bilayered film structure of a donor material and an
acceptor material (Fig. 1(a)). When such a bilayer film is
irradiated with sunlight, the light is absorbed by the donor or
acceptor material, and excitons are generated. Here, the case
where the light is absorbed by the donor material is
illustrated. Excitons generated in organic semiconductors
are mostly Frenkel excitons localized to molecular size. As
the dielectric constant of organic materials is only approx-
imately 3 at most, the electrons and holes in the excitons are
strongly bound by the Coulomb attraction and cannot be
dissociated at an energy of approximately kg7 at room
temperature. In contrast, the excitons generated in inorganic
semiconductors are Wannier excitons spread in the crystal,
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Fig. 1. (a) Photophysical elementary processes of photovoltaic conversion

in polymer solar cells: 1) photon absorption, 2) exciton diffusion, 3) charge
transfer, 4) charge dissociation, 5) charge collection. (b) Relationship
between HOMO and LUMO energy levels for donor (yellow) and acceptor
(light blue) materials: (Left) Charge transfer by LUMO offset AEj; upon
donor excitation. (Right) Charge transfer by HOMO offset AEyy upon
acceptor excitation.

and partly because of their high dielectric constant, they can
easily dissociate into charge carriers even at room temper-
ature. Therefore, the driving force to dissociate excitons into
electrons and holes is required to generate charge carriers
in polymer solar cells. This is a decisive difference from
the charge generation mechanism in inorganic solar cells.
Excitons generated in organic semiconductors cannot sponta-
neously dissociate into charge carriers but can diffuse in the
film as excitons consisting of electron-hole pairs. However,
as an exciton has a lifetime of approximately 1ns, it can
diffuse only approximately 10 nm. Therefore, in the bilayer
film shown in Fig. 1(a), some excitons cannot reach the
interface, and hence cannot dissociate into charge carriers.
Therefore, the BHJ structure described above is essential for
efficient charge generation. When excitons generated in the
donor material reach the heterojunction interface with the
acceptor material, electrons are transferred to the acceptor
material, leaving holes in the donor material, and generating
charge carriers. This is because the LUMO level of the donor
material is higher in energy than the LUMO level of the
acceptor material, as shown in Fig. 1(b). Therefore, it is
believed that donor excitons can be converted into electrons
of the acceptor material and holes of the donor material using
this energy difference as a driving force. When excitons are
generated in the acceptor material, the driving force is the
HOMO level difference at the heterojunction interface. The
electrons and holes generated at the heterojunction interface
thus can be regarded as charge transfer (CT) states; hence,
they are also called CT excitons. When the CT exciton state
is released from Coulomb binding and dissociates into
electron and hole charge carriers, the electron carriers are
transported in the acceptor material and the hole carriers are
transported in the donor material to the anode and cathode,
respectively, and finally photocurrent is generated. Therefore,
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the series of photophysical elementary processes described
above can be classified into the following five steps: 1)
exciton generation by light absorption, 2) exciton diffusion
to the heterojunction interface, 3) charge transfer at the
heterojunction interface, 4) charge dissociation from CT
excitons to charge carriers, and 5) charge collection to
each electrode. Therefore, all the photophysical elementary
processes must proceed with high efficiency to generate
photocurrent efficiently.

3. Analysis of device properties

3.1 Short-circuit current density
As mentioned above, the short-circuit current density (Jsc) is
proportional to the product of efficiencies in the five
photophysical elementary processes: light absorption effi-
ciency (1), exciton diffusion efficiency (ygp), charge transfer
efficiency (ycr), charge dissociation efficiency (5cp), and
charge collection efficiency (ncc). The product of these
efficiencies at each wavelength of illuminating light is equal
to the external quantum efficiency (EQE) of the solar cell
device at that wavelength. Therefore, if it is possible to
evaluate each of these efficiencies, it will be possible to
clarify the limiting process in Jsc. The time scales of these
five photophysical elementary processes in photovoltaic
conversion are as follows: the time required for light
absorption is on the order of 10~"%s, which is an electronic
transition; the time required for exciton diffusion to the
heterojunction interface is approximately 107!1*-1071s,
depending on the domain size; the time required for the
generation of CT excitons at the interface to compete for
dissociation to charge carriers with geminate recombination
is approximately 10~s; and the time required for the charge
carriers to be collected at the electrode is approximately
1077-10"°s. In other words, to observe all the elementary
processes from the light absorption to the charge collection at
the electrode, a measurement technique that can track
transient events on a time scale of 1071°-107%s is required.
Time-resolved spectroscopy using a short-pulse laser is
the most suitable measurement method for tracking such
transient events directly. We have studied the charge
generation dynamics in various polymer solar cells using
laser spectroscopy [10-13]. Here, as an example, the results
of the transient absorption measurement of P3HT/PCBM
blend films are taken to explain how to evaluate the charge
dissociation efficiency (cp) [14]. The broken line in Fig. 2 is

“==3000ps -
1

1000 1500
Wavelength / nm

Fig. 2. Transient absorption spectra of RR-P3HT/PCBM blend films:
P3HT singlet exciton (‘P*), P3HT polaron (P*), PCBM anion (PCBM"), and
ground state bleaching (GSB). Broken line represents transient absorption
spectrum of RR-P3HT neat films at O ps.
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the transient absorption spectrum of the P3HT neat film,
which can be attributed to the absorption of singlet excitons
in P3HT. The solid lines are the transient absorption spectra
of the blend film, which show that half of singlet excitons
already decayed immediately after excitation (0 ps). Simulta-
neously, new absorption bands attributed to P3HT polarons
were observed at around 700 nm and 1000 nm, indicating that
charges were generated immediately after the excitation. The
time evolution of each transient component obtained by
spectral analysis shows that the singlet exciton decays with a
time constant of approximately 10 ps, and the P3HT polaron
is generated with the same time constant. In other words, the
charge is generated from the singlet exciton. Focusing on the
spectra after 100 ps, singlet excitons have almost disappeared
and instead a negative signal attributed to ground-state
photobleaching (GSB) is observed at around 500-600 nm.
This GSB is due to the decrease in the ground state caused by
the generation of excitons and charge carriers. In this case, it
is attributed to the generation of charge carriers, because no
excitons are observed during this time period. Interestingly,
the GSB decreased (recovered) in the short-wavelength
region at around 500nm but increased in the long-wave-
length region at around 600 nm. The ground-state absorption
of P3HT, which is a crystalline polymer, is attributed to the
amorphous phase in the short-wavelength region and the
crystalline phase in the long-wavelength region. Therefore,
the time evolution of the GSB indicates that the P3HT
polarons in the amorphous phase undergo hole transfer to the
crystalline phase. Blend films using crystalline conjugated
polymers, such as P3HT, and highly aggregated molecules,
such as PCBM, consist of three phases: the crystalline phase
of P3HT, the aggregated phase of PCBM, and the mixed
phase of P3HT and PCBM. The mixed-phase P3HT is mixed
with PCBM in an amorphous state, and has a shorter effective
conjugation length and a deeper HOMO level than the
crystalline P3HT. Similarly, PCBM dispersed in the mixed
phase has a shallower LUMO level than PCBM in the
aggregated phase. Therefore, at the heterojunction interface
of the P3BHT/PCBM blend film, both the HOMO and LUMO
levels are considered to form a cascade of energy levels. The
hole transfer from the amorphous phase to the crystalline
phase of the P3HT polaron described above indicates the hole
transfer from the mixed phase to the crystalline phase.

We can discuss the decay mechanism of the generated
charges by measuring the dynamics of such charge carriers
under different excitation light intensities. For example, when
the generated electron-hole pairs recombine geminately
without dissociating into free charge carriers, the lifetime is
independent of the excitation light intensity (initial concen-
tration) because it is a first-order reaction. In contrast, when
the generated electron—hole pairs dissociate into free charge
carriers and undergo bimolecular recombination with other
charge carriers, the lifetime depends on the excitation light
intensity (initial concentration) because it is a second-order
reaction. In this case, the lifetime (half-life) becomes shorter
as the excitation intensity increases (higher initial concen-
tration). Considering the P3HT/PCBM blend as an example,
in RRa-P3HT/PCBM using amorphous regiorandom P3HT
(RRa-P3HT), the decay of the P3HT polaron does not depend
on the excitation light intensity and is dominated by geminate
recombination. In RR-P3HT/PCBM using crystalline re-
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Table 1. Photovoltaic conversion efficiencies in various polymer solar
cells.

Polymers Morphology NED nep  AEyL / eV Refs
PNOz4T  Highly crystalline  ~0.6 ~1 ~0.1 15
RR-P3HT . .
annealed Highly crystalline ~0.9  >0.9 ~1.1 14,16,17
RR-P3HT Crystalline ~0.95 ~0.8 ~1.1 14,18
as cast
PNTz4T Crystalline >0.95 ~0.75 ~0.3 15,19
PSBTBT  Slightly crystalline — ~1 ~0.75 ~0.4 20,21,22
PCPDTBT .
(w DIO) Slightly ordered ~1 ~0.7 ~0.3 23
PCPDTBT ..
(w/o DIO) Negligibly ordered  ~1 ~0.5 ~0.3 23
N-P7 Amorphous ~1 ~0.65 ~0.4 24
RRa-P3HT Amorphous ~1 ~0.3 ~1.2 14

gioregular P3HT (RR-P3HT), the decay of the P3HT polaron
depends on the excitation light intensity, indicating that
bimolecular recombination is dominant. Under low-intensity
excitation conditions, such as sunlight, the initial bimolecular
recombination is negligible, whereas geminate recombination
proceeds regardless of the intensity. Therefore, the charge
dissociation efficiency (7cp) can be evaluated by analyzing
the percentage of long-lived charges under weakly excited
conditions.

Table 1 summarizes the results of similar analyses for
other systems. Here, as the charge transfer efficiency (ycr)
can be assumed to be 1 for a system with a sufficient energy
offset, the exciton diffusion efficiency (ngp) is evaluated by
the photoluminescence quenching efficiency ® (= #gprcr)
obtained from the emission intensity in neat and blend films.
In Table 1, blend films using conjugated polymers with
higher crystallinity are shown listed in upper lines. As shown
in the table, #gp tends to decrease as the crystallinity
increases. This is because the higher the crystallinity of the
conjugated polymer, the larger is the crystal domain formed,
and hence some of the excitons generated in the domain
cannot reach the interface. In contrast, 5cp tends to increase
as the crystallinity increases. For conjugated polymers with
low crystallinity, ncp is improved by increasing PCBM
aggregates by forming a film from a solution containing
additives, such as diiodooctane. Thus, the high crystallinity
of the polymer and the aggregation of PCBM are important
factors for realizing highly efficient charge dissociation.
Interestingly, as shown in the table, cp is almost unity in the
PNOz4T/PC7,BM blend film, which is a highly crystalline
conjugated polymer [15]. Although the LUMO offset AEy | is
very small, less than 0.1 eV, this system gives a high charge
dissociation efficiency. As mentioned in the previous section,
in organic thin-film solar cells, an energy offset of approxi-
mately 0.3 eV is believed to be required at the heterojunction
interface as a driving force to break the Coulomb attraction to
dissociate excitons into charge carriers. Therefore, this result
indicates that large energy offset is not always necessary to
realize highly efficient charge generation, suggesting that
more efficient polymer solar cells can be realized with smaller
energy losses. Mechanisms explaining highly efficient charge
dissociation, such as high local mobility [25], charge
generation from hot excitons [26,27], charge generation from

© 2022 The Author(s)
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relaxed excitons [28], charge delocalization [14,29,30],
entropy effects [31,32], and cascade structures [14,33,34],
have been proposed. Although the entropy effect is expected
to show temperature dependence, no temperature dependence
for efficient polymer solar cells. Hence, a model that
introduces energy disorder in addition to the entropy effect
[35] and a model that considers the nonequilibrium state [36]
have been proposed. Regarding the cascade structure, it has
been pointed out that nonfullerene acceptors may form an
energy gradient at the heterojunction interface owing to the
quadrupole effect [37]. Thus, a deeper understanding of the
mechanism of highly efficient charge dissociation is required
to achieve even higher efficiency.

3.2 Open-circuit voltage
The open-circuit voltage (Vo) is the potential difference
corresponding to the quasi-Fermi energy difference between
the electrons and holes generated in the solar cell. In
inorganic semiconductors, electrons exist in the conduction
band and holes in the valence band. Therefore, the upper
limit of Vo is the bandgap energy E,, which is the energy
difference between the conduction and valence bands. In
practice, only a reduced voltage is obtained because of
recombination losses. In polymer solar cells, hole carriers are
located at the HOMO level of the donor material and electron
carriers at the LUMO level of the acceptor material. Thus, the
potential energy difference between the HOMO level of the
donor material and the LUMO level of the acceptor material
is the upper limit of V. In other words, the LUMO offset
AFEy;, and the HOMO offset AEyy are inevitably lost from the
bandgap energy E, of each material. In polymer solar cells,
there is an additional absorption band owing to the CT state
below the E, of the low-energy absorption band among the
materials, which is different from the inorganic semicon-
ductor solar cell. To understand this difference, we use a
modified Shockley—Queisser (SQ) model [38—42] to discuss
the loss mechanism specific to organic thin-film solar cells.
In solar cells, there are two types of recombination losses:
radiative recombination loss and nonradiative recombination
loss. The former is the reverse process of light absorption;
hence, it cannot be avoided in solar cells. First, let us con-
sider the radiation recombination loss. In the SQ model, a
rectangular spectrum is assumed: the absorptance a(E) of the
photoactive layer with respect to light energy E is 0 below E,
and 1 above E,. On the other hand, considering a modified
SQ model using a two-step spectrum, it is assumed that the
a(E) is 0 below Ecr, is act between Ect and Eg, and is 1
above E, (Fig. 3(a)). In this case, the radiative recombination
loss from the E, is given by the following equation. For
details, please refer to the previous report [42].

qVoc = Eg — AqVi — AqVo — AqVsc, (D

where ¢ is the elementary charge, AgV,; is the radiative
recombination loss owing to the absorption band above E,,
AgVy, is the radiative recombination loss owing to the
absorption band between Ecrt and E,, and AgVsc represents
the voltage loss caused by the current loss owing to the
deviation of the absorption spectrum from the rectangular
shape. In the SQ model, AgV,; = AgVsc =0 and the loss
term is AgV;; only. In contrast, in the modified SQ model,
AqV, and AgVsc are added as new loss terms. As an
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Fig. 3. (a) Two-step rectangle absorption spectrum based on exciton and
CT bands: E, =1.5eV, Ecr =1.2¢eV, acr = 107*. (b) Each energy loss
plotted against Ect: AgVy is the radiative recombination loss due to the
exciton band above E, (light blue), AgVy is the radiative recombination loss
due to the CT band between Ect and E, (orange), AgVsc is the energy loss
due to current loss (red). (c) Absorption spectrum based on rectangle exciton
band and Urbach tail band (Ey = 40 meV). (d) Radiative recombination loss
due to the Urbach tail AgV, g, plotted against Ey. Adapted from Ref. 42 with
permission from the Royal Society of Chemistry.

example, Fig. 3(b) shows the change in these loss terms with
respect to Ect under the conditions of E,=1.5eV and
act =107 Among them, AgVyc is less than 0.01 eV, which
is negligibly small compared with the other terms. As AgV;,
is dependent upon E,, it takes a constant value regardless
of Ect under the same E,. On the other hand, AgV}, increases
as Ecr decreases under the same E, (an E, of 1.5€eV in
Fig. 3(b)). This indicates that the more clearly the CT absorp-
tion band is observed below E,, the more the additional
radiation loss component specific to organic thin-film solar
cells increases.

We next consider a modified SQ model in which an
exponential Urbach absorption tail, instead of the rectangular
CT absorption band, exists in the region below E, (Fig. 3(c)).
On the basis of this model, the radiation loss AgV.,g, owing
to the Urbach absorption tail is as small as 0.05eV or less if
the Urbach energy Ey is less than kgT (~25meV); however,
above this value, it increases significantly (Fig. 3(d)). In
inorganic semiconductors, such as crystalline silicon (c-Si)
and GaAs, Ey has a small value of approximately 10 meV,
whereas the corresponding value for organic semiconductors
is approximately 30-60 meV, which is much larger than kgT
[43]. In most of organic thin-film solar cells, therefore, the
radiation loss owing to the effect of the absorption edge
below E, cannot be ignored even in systems where the CT
absorption band is almost absent. Recently, on the other
hand, polymer solar cells using highly crystalline conjugated
polymers or nonfullerene acceptors, which are fused-ring z-
conjugated molecules, show small values of Ey of the order
of 20meV, and the radiation loss is considerably suppressed.

In addition to the radiative recombination loss described
above, nonradiative recombination loss is involved in an

© 2022 The Author(s)
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actual device. In polymer solar cells, the CT state is the
recombination center, in which the radiative transition
intensity of the CT state is much smaller than that of the
exciton absorption band. Thus, the nonradiative recombina-
tion loss is the dominant loss channel. The nonradiative loss
energy AgVy can be evaluated using Eq. (2) by measuring
the electroluminescence quantum yield EQEg, of the device.

AqVy = —kgT In(EQEg, ) (2)

In conventional conjugated polymer/fullerene blends, EQEg.
values are extremely low, on the order of 1078, and AqVy:
values exceeding 0.4eV have been reported. In contrast,
polymer solar cells using highly crystalline conjugated poly-
mers or nonfullerene acceptors, which are fused-ring z-
conjugated molecules, have EQEg, values of the order of
10 and AqVy: values of 0.2-0.3eV [44]. In particular,
polymer solar cells using nonfullerene acceptors as low-
bandgap materials have been reported to exhibit AgV,,, values
of 0.2eV or less [45]. These systems are characterized by a
small AEgy and close proximity between the exciton level of
the luminescent nonfullerene acceptor and the CT level. The
radiative transition intensity from the CT level is enhanced by
borrowing the radiative transition intensity of nonfullerene
acceptor excitons [46]. Thus, further improvement of V¢
requires materials with as small an offset as possible so that
the CT absorption band is not observed, highly ordered
materials to reduce Ey as much as possible, and the develop-
ment of materials with high photoluminescence efficiency to
achieve a high EQEg value.

3.3 Fill factor

The fill factor (FF) is a device parameter that is less intuitive
than Jsc and Vc; it indicates how efficiently charge carriers
are collected in comparison with charge recombination.
Recently, it has been reported that 6, given by Eq. (3), which
corresponds to the ratio of the charge recombination rate to
the charge collection rate, shows a good correlation with the
FF [47]. In other words, the smaller 6 is, the faster the charge
collection is compared with the recombination, and the less is
the charge collection loss.

yGL*
Hnbtp Vi
where y is the bimolecular recombination rate, G is the charge
generation rate per unit volume, L is the thickness of the
active layer, p, and p, are the electron and hole mobilities,
respectively, and Vi, is the internal voltage in the device. The
a, which is given by Eq. (4), has been proposed as a further
improved index of €, and it has been reported that, for a < 1,
the device exhibits the same FF dependence as the Shockley

diode model [48].
2
(12 — <qut> 0 (4)

0= 3)

2kgT

In most organic thin-film solar cells, @ > 1, which has been
indicated as a transport-limiting case.

As the FF is limited by the charge transport in several
systems as described above, recombination kinetics parame-
ters under light irradiation conditions can be evaluated and
used to reproduce the J-V curve [49].
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Fig. 4. J-V characteristics measured (circles) and reproduced with
recombination kinetic parameters (solid line) under simulated solar
illumination: PNTz4T/PC7oBM (blue), PNTz4TF2/PC;,BM (red). Adapted
from Ref. 19 with permission from the American Chemical Society.

gL n(V) )
(V)

The recombination current Jj,(V) can be obtained by
evaluating the charge carrier density n(V) and lifetime z(V)
through transient photovoltage/photocurrent measurements
and charge extraction measurements. In addition, when the
charge generation current J,e, does not depend on the bias, the
value can be approximated as Jgen & Jsc. Figure 4 shows an
example of reproducing the J-V curve using the recom-
bination kinetic parameters obtained through the above
analysis [19]. Except for the presence or absence of fluorine
substituents, the devices based on PNTz4F and PNTz4TF2,
which are crystalline conjugated polymers with the same
main chain backbone, blended with PC7;BM show almost the
same Jsc, but there are differences in Ve and FF. As shown
in the figure, the J-V curve can be reproduced using the
recombination kinetic parameters for all the devices. Thus, the
FF is dominated by charge recombination dynamics. In fact,
the index « in this system is greater than 1, corresponding to
transport-limiting. If the J-V curve cannot be reproduced by
the above analysis, other factors may be involved. For
example, if the J-V curve cannot be reproduced assuming a
constant Jg,, the charge generation current Jye (V) may be
bias dependent [50]. In addition, when isolated domains exist,
the charge collection measurement may underestimate the
charge density, and the J-V curve cannot be reproduced. In
such a case, conversely, the concentration of isolated charge
carriers can also be estimated from the difference between the
measured and reproduced values.

Recently, an FF exceeding 0.8 has been reported for
efficient polymer solar cells [51]. As € of the order of 107*
has been reported for this device, it corresponds to a <1
when converted to a, suggesting that the device corresponds
to the Shockley diode model. In fact, this value shows good
agreement with the FF empirical formula based on the
equivalent circuit model for the Shockley diode. These
reports indicate that polymer solar cells can be realized
without charge transport loss. Further studies are required to
establish clear guidelines for material and device design to
achieve a high FF.

4. Conclusion

We described how the photovoltaic parameters of Jsc, Voc,
and FF can be understood from the viewpoint of photo-
physical elementary processes of photovoltaic conversion in

J = Jgen + Jloss(v)t = Jgen -

© 2022 The Author(s)
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polymer solar cells. The photovoltaic conversion process is
an ultrafast phenomenon that progresses over the wide time
range from femtoseconds for light absorption to micro-
seconds for charge collection: it is of the other of 10°. Time-
resolved spectroscopy using a short-pulse laser is an
extremely effective observation technique for directly track-
ing these elementary processes in real time. Therefore, in this
review, we described the analysis method of each character-
istic parameter on the basis of some measurement examples.
Jsc is obtained as the product of the efficiencies of each
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