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Organic solar cells (OSCs) are attracting considerable attention as renewable
energy because of low-cost technology and flexible solar modules. However, to place
OSC into practical use, the power conversion efficiency (PCE) is lower than that of Si.
Therefore, improving PCE is the important theme of OSC research. The PCE of OSCs
is produced of its short-circuit current density (Jsc), open-circuit voltage (Foc), and fill
factor (FF). High-performance OSCs show ~100% internal quantum efficiencies, which
indicates that the devices can efficiently photogenerate charges. Thus, researchers have
focused on enhancing Voc to increase the efficiency of OSCs. Voc decides charge
transfer (CT), state energy, and energy loss. CT state is the important point to research
the recombination process and charge recombination energy loss affects the voltage loss
of OSCs. The development of organic solar cells requires explaining the mechanism of
charge recombination. The author focused on charge recombination in OSCs. The

primary objectives of this thesis are listed below.

(i) Photoconversion mechanism of pr-homojunction OSCs

The exciton is separated using the energy offset between the donor and acceptor
molecules in OSCs. The author’s primary question is whether a free charge formation
is possible in single organic semiconductor material by light absorption compared with
that in inorganic semiconductors. Recently, an organic prn-homojunction interface that
achieves efficient charge separation has been reported. However, the author analyzed
the doping concentration dependence on the photoconversion process in organic pn-

homojunction OSC devices, primarily by temperature dependence measurement.

(i1) Simultaneous measurement of photocurrent and recombination Emission
Non-radiative recombination induced by thermal vibration causes considerable
voltage loss in OSCs. Therefore, for improving Voc, the recombination loss from the
CT state is important. However, considerable amounts of charges must be injected into
the device by applying a relatively large forward voltage to measure the
electroluminescence of the CT state emission because the CT state has a low emission
quantum yield of as low as 107 to 107°% because of small overlaps of molecular orbitals
between D/A materials. The character of the CT state should be investigated under a
similar condition with standard SC operations such as light irradiation and moderate

applied voltages. Thus, the author observed radiative recombination emission from the



CT state by simultaneously measuring the photocurrent density flowing on the OSC

device under different applied voltages.
This thesis comprises four chapters.

In chapter 1, the fundamental knowledge of OSCs and the motivation of this
study are introduced. Thus, the photoconversion process, the device performance of

OSCs, and recombination issues are described.

In chapter 2, organic prn-homojunction solar cells are described. The author
fabricated organic pn-homojunction solar cells using a single material. It was able to
adjust that the Fermi level of organic semiconductors using the doping effect. It was
able to adjust that the Fermi level of organic semiconductors using the doping effect.
Organic pr-homojunction was produced by Fermi-level alignment when p and n-type
doped layers were contacted. Ambipolar molecule: diindinoperylene (DIP) was used as
a host material for pn-homojunction devices. The doping concentration was controlled
between 1% and 5% by volume rate, and the same concentrations of dopants (both MoO3
and Cs2CO3) were introduced in the p and n layers, respectively. Thus, the Jsc of the
DIP device with 5% doping increased eight times from the undoped one; however, Voc
decreased from 1.13 to 0.83 V.

The temperature dependence of J-V characteristics was measured to investigate
the charge generation and recombination process. The activation energy during charge
separation of 1% and 5% doped devices was calculated to be 110 and 74.4 meV,
respectively. Moreover, the effective bandgap energy of 1% and 5% doped devices were
calculated to be 1.95 and 1.75 eV, respectively. The result of the temperature
dependence of Voc shows that the decrease in Foc due to increasing doping
concentration can be caused by the reduction in the effective energy gap (E°™) at the
interface. '

The concentration dependence of energy diagrams suggests that the offset in
adjacent molecules increases with increase in doping concentration. The larger energy
offset both accelerated exciton dissociation and suppressed geminate recombination
from the charge transfer (CT) state. Furthermore, the temperature dependence of Voc
revealed that the Voc difference in the doping concentration was attributed to the E,

eff  which is the primary

difference, and not to the recombination loss difference. E,
difference between inorganic and organic semiconductors, reflects the energy of the
charge recombination center. However, this study shows that the charge recombination
_ in the organic pn-homojunction SCs occurs from localized holes and electrons at the
two adjacent molecules.

In chapter 3, the radiative recombination emission from the CT state under

different applied voltages was measured at the same time as the photocurrent density



flowing over the OSC device. The author introduced the concept “PL-F plot” in which
the intensities of the recombination emission are plotted at a different applied voltage.
The plot includes information from the radiative recombination, excluding the non-
radiative recombination, and is complementary to the “J-F plot.” The bulk
heterojunction (BHJ) devices were fabricated by a well-studied combination of PTB7
as an electron donor and PCBM as an acceptor material.

Under the open-circuit to short-circuit, the radiative recombination from the CT
state was estimated. The CT state emission spectra gradually decreased and disappeared
with an applied voltage of <0.5 V. The CT state emission was quenched by the internal
electric field.

The FF of the two plots was calculated as 49.81% and 71.73% in J-V and PL-V,
respectively. Thus, the result indicated that additional recombination that the PL-J plot
cannot detect occurs when the OSC device was operated.

The FF of both plots shows different behavior when the irradiated light intensity
was controlled from 100% to 10%. The FF of the J—F plots monotonically decreased
from 66.7% to 49.8% when the light intensity was increased from 10% to 100%, whereas
the FF of the PL-V plots remained constant at >70% regardless of light intensity. The
result shows that the recombination that causes FF difference between the J-/ and the
PL-V plots was sensitive to the light intensity and promoted at a high carrier
concentration condition and the J-V plot has a large influence at a high carrier
concentration and smaller internal electric field close to the Voc. Furthermore, the PL—
V plot is a method that directly observes the CT state recombination only at the D/A
interface. Therefore, the PL—7¥ plot could predict the ideal FF, which considers only the
characteristics of charge separation and recombination at the D/A interface and it is
higher than that of J-V plots.

The temperature dependence of the CT state emission intensity has expressed
the thermal quenching formula because non-radiative recombination rates are thermally
activated, and the calculated activation energy from the Arrhenius plot is 64.9 meV.
This result shows the vibration modes of the CT state existed between intermolecular

and intra-molecular vibration.

In Chapter 4, a summary of this thesis, the conclusion, and prospects drawn
from it are presented.

This thesis can be summarized as follows.

1) Using an ambipolar molecule, an organic pn-homojunction solar cell was realized.
As the doping concentration of p- and n-layer increased, the energy offset of pn-
interface increased, and the current—voltage characteristics changed. First, a large
energy offset between adjacent molecules accelerated the charge separation;
therefore, the photocurrent was promoted. However, the HOMO-LUMO gap



2)

between adjacent molecules decreased and it affected voltage drop. This result
indicates that the charge recombination in organic pm-homojunction solar cells
occurs from localized charge carriers at the adjacent molecules. The mechanism is
compared with the CT state recombination in conventional D/A type OSCs, although
the devices in this study were fabricated using a single host material and a doping

technique resembling the inorganic pn-homojunction SCs.

As a method for directly measuring the recombination of the CT state, we
simultaneously measured the photocurrent and radiative recombination of the CT
state under an electric field. CT state emission represents the maximum intensity in
the open-circuit condition of the device. However, it quenches in the short-circuit
conditions. The new concept, PL-F plot, contains only information about the
radiative recombination and the FF is high from /-V characteristics. The result shows
that additional recombination that the PL-V plot cannot occur when the OSC device
was operated. The light intensity dependence measurement revealed that the
difference in FFs was attributed to recombination during charge transport. Moreover,
the activation energy for the non-radiative recombination is estimated from the
temperature dependence of the CT state emission intensity. For evaluating
photoconversion characteristics, the simultaneous measurement of photocurrent and
recombination emission could be a useful method.
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