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Chapter 1:
General Introduction

1.1. Background of organic solar cells
A single layer organic solar cell (OSC) in which an organic layer is sandwiched
between two different metals (Fig. 1.1.1. (a)) had a photo-conversion efficiency (PCE)
of 0.1% range due to the inefficient exciton dissociation[1–3]. In 1986, Tang et al.
reported on planar hetero junction (PHJ) OSCs using electron donors (D) and electron
acceptors (A)[4]. The donor layer was deposited on a transparent electrode, and the
acceptor layer was deposited on the donor layer (Fig. 1.1.1. (b)). Efficient exciton
dissociation at the interface between the donor and acceptor layers was obtained.
However, the exciton diffusion length in the organic layers was short[5], inhibiting
charge generation. To generate a large amount of charge, a pin structure was introduced
(Fig. 1.1.1. (c)) [6,7]. The i layer was fabricated by a co-deposition technique. Exciton
dissociation occurred in the whole region due to the mixed structure of donors and
acceptors. As a result, high photo-current densities were obtained in OSCs with an i
layer. The i layer has been applied to polymer OSCs, namely, bulk hetero junctions
(BHJ) (Fig. 1.1.1. (d)) [8,9]. BHJ OSCs with PCEs of the order of 10% have been
developed using optimized polymer material[10–12]. Recently, flexible, wearable and
mobile devices based on BHJ OSCs have been fabricated[13–16].

These unique

devices are attracting considerable attention as next generation battery and energy
devices.
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Efficiency of OSCs has been improved by efficient charge generation and
transport. The charge generation was increased in co-deposited films, and the efficient
charge transport was realized by the crystalline organic materials. The efficient charge
generation and transport increased short-circuit photocurrent (JSC) [17]. The JSC in
OSCs is already enough large. On the other hands, observed open-circuit voltage (VOC)
is lower than the expected value. This VOC loss remains an issue for the PCE of OSCs.
Previously, the increase in the VOC has been realized using various combinations of
donor and acceptor materials. However, each combination still had the large VOC loss
about 0.5 V due to charge recombinations [18,19]. Following these considerations, the
author attempts to clarify the relationships between the VOC and the charge carrier
behavior in the OSCs.

(a) Single layer

(b) Planar heterojunction

Metal electrode

Metal electrode
Acceptor layer

Donor layer

Donor layer

Metal electrode

(c) pin structure

Transparent electrode

(d) Bulk heterojunction
Metal electrode

Metal electrode
Acceptor layer
Co-deposited layer
Donor layer
Transparent electrode

Transparent electrode

Fig. 1.1.1. Schematic illustrations of organic solar cells (a) single layer, (b) planar heterojunction, (c)
pin structure and (d) bulk heterojunction.
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1.2. Photo-conversion process in organic solar cells
The photo-conversion process in an organic solar cell is shown in Fig. 1.2.1.
After the OSCs absorb light, excitons are generated. The exciton is localized at a
molecule, and the excited electron and hole are bound together by Coulomb
attraction[20]. This Frenkel type exciton cannot be separated by the thermal energy. In
contrast, excitons in inorganic semiconductors can be separated by the thermal energy
due to the high permittivity. The generated excitons diffuse through the organic layer,
but the diffusion length is short[5]. If the excitons reach the donor/acceptor interface
before decaying, the electrons are transferred to the lowest unoccupied molecular orbital
(LUMO) of the acceptor molecule, or the holes are transferred to the highest occupied
molecular orbital (HOMO) of the donor molecule. The separated charge is stabilized by
the Coulomb energy[21]. This state is called the charge transfer (CT) state.
When the charge escapes from the CT state, free holes and electrons are
generated. The free holes and electrons are transported through the donor and acceptor
regions, respectively. These charge carriers are transported by the potential difference
as drift current or by the charge concentration difference as diffusion current. The
charge transport is described as hopping conduction, as they are transported from
molecule to molecule.

The holes and electrons recombine at the donor/acceptor

interface. This charge recombination process causes a loss of photo-current in the OSCs.
The charge carriers are collected at the electrodes. In order to collect them it is
important that the energy barrier at the organic semiconductor/electrode interface is as
small as possible. When there is no energy barrier at the interface, the contact is ohmic.
To make ohmic contact sufficiently, high or low work function materials are inserted at
the semiconductor/electrode interface.
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Fig. 1.2.1. Schematic illustration of the photo-conversion process in an organic solar cell.
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1.3. Behavior of charge carriers in organic solar cells
The photo-conversion process in an OSC and the performance of an OSC
depends strongly on the charge carrier behavior. In this section, the relevant features of
this behavior are described.

1.3.1. Charge carrier transport
Hopping conduction
The conduction mechanism in organic semiconductor is hopping conduction,
where charged particles are transported from molecule to molecule[22,23]. In other
words, the charge in a localized state is repeatedly transported to the next localized state
(Fig 1.3.1.). Hopping conduction is dominated by releasing and trapping processes at
these states. The charge carrier mobility in organic semiconductors is lower than in
inorganic semiconductors.

Such low carrier mobility limits the current in organic

devices. This current is a space charge limited current (SCLC), and is given by the
following equation[24]:
𝐽𝑆𝑆𝑆𝑆

9 𝑉2
= 𝜀𝜀 3
8 𝑑

where JSCLC is the current density, ε is the permittivity of the material, µ is the carrier
mobility, V is the voltage and d is the thickness of the layer. The SCLC can be found
from the slope of the J-V characteristics. At low voltage, the characteristics are ohmic
with a slope of 1. On increasing the voltage, the current is limited to the organic region
and the slope changes to 2. When there are deep traps, the slope is further increased to
over 2[25].
The charge transport process, that is, the repeated releasing and trapping at
localized traps, can be represented by a multiple trapping model (MTM)[26–28]. A
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schematic illustration of the MTM is shown in fig. 1.3.1. The charge carriers can be
released from shallow traps by thermal energy.

However, charge carriers captured at

deep traps cannot be released by the thermal energy. The time for which the charge
carrier is captured at a deep trap is the deep trapping lifetime (τ). τ is a parameter that
can be used to determine the range of the charge carriers (L), which is the average
distance that the injected carriers can move until they are captured by the deep traps.
The relationship between L and τ is as follows[29]:
𝐿 = 𝜇𝜇𝜇

If L is greater than the thickness of the active layer, the charge transport is
sufficient for the OSC.

τ
µ
+

L

Fig. 1.3.1. Schematic illustration of the multiple trapping model.

Measurement (Impedance spectroscopy)
Some measurement methods have been developed and applied to obtain the
charge transport parameters. According to previous reports, the charge carrier behavior
is related to the capacitance-frequency (C-f) curve[30,31]. µ and τ can be obtained
simultaneously from the C-f curves. A useful technique to obtain C-f curves, is to make
impedance spectroscopy (IS) measurements.
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To make IS measurements an AC voltage is applied to the device and the AC
current is measured. The impedance (Z) is calculated using the absolute values of the
AC voltage and current. The phase (θZ) of the impedance is equal to the difference in
phase between the input voltage and output current. The equivalent circuit for electron
or hole only transport devices is a resistor and a capacitor in parallel, the admittance of
which is given by the following equation[32]:
Y = G + jωC, Y=1/Z
where Y is the admittance, G is the conductance, ω is the angular frequency, and C is the
capacitance. The capacitance can be obtained from the IS measurements using the
following relationship:

ωC = Ysin(−θZ)
To obtain µ and τ using impedance spectroscopy, hole-only or electron-only
devices are needed. In addition, a DC voltage is applied to the device with the AC
voltage to make SCLC condition.
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1.3.2. Charge carrier recombination
Recombination occurs when free holes and electrons approach each other[33].
The electron and hole are bound by Coulomb attraction soon after exciton dissociation.
The electron-hole pair decays to the ground state, a process known as geminate
recombination.

When a free hole and free electron meet and recombine at the

donor/acceptor interface, these charge carriers decay to the ground state via bimolecular
recombination (Fig. 1.3.2, left).
Bimolecular recombination is defined as direct Langevin recombination. This
bimolecular recombination has been applied to crystalline inorganic semiconductors.
However, the disorder in organic semiconductors is not negligible. The disorder in an
organic semiconductor results in trapped charge at the localized states. This trapped
charge and free charge of the opposite polarity meet and decay to the ground state via
trap-assisted recombination (Fig. 1.3.2, right) [34,35].
Since efficient exciton dissociation has been realized at a donor/acceptor
interface, the effect of non-geminate recombination on the performance of OSCs is a
significant problem.
LUMO

LUMO
− LUMO

Free electron

energy / eV

energy / eV

Free electron

Free hole

+
HOMO

Trapped hole

HOMO
HOMO
Donor Acceptor

HOMO
Donor

+

LUMO
−

Acceptor

Fig. 1.3.2. Schematic illustration of the charge recombination process.
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1.3.3. Impurity doping
Impurity doping is a basic technique in the field of semiconductor
devices[36,37]. If an acceptor dopant is introduced into an organic semiconductor,
electron transfer from the semiconductor to the dopant occurs (Fig. 1.3.3). As a result,
the organic molecule becomes an anion species, and a hole is generated. Moreover, the
acceptor dopant causes an increase in the work function of the organic semiconductor
(Fig. 1.3.4). In contrast, an organic semiconductor with a donor type dopant decreases
the work function because electron transfer from the dopant to the organic molecule
occurs.
The amount the work function changes depends on the concentration of the
dopant in the organic semiconductor (Fig.1.3.4).

Thus, the work function of the

semiconductor can be controlled by the impurity doping. In addition, the impurity
doping increases the conductance of the semiconductor because the charge carrier
density is increased[38]. Moreover, the trap states are filled by the induced charge.
This trap filling effect causes an increase in the performance of BHJ OSCs[39,40].
Dopant in a small organic semiconductor layer is introduced by co-deposition.
The dopant concentration is controlled by the ratio of the deposition rates. Recently, a
deposition rate of the dopant has been decreased using a rotating shutter, and 1 ppm
dopant concentration has been realized[41].
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− −

Energy / eV

LUMO −

Donor dopant

+ − HOMO − −

Organic semiconductor
−

Acceptor dopant
Fig. 1.3.3. Energy band diagram of an organic semiconductor with dopant.

H2Pc

Energy / eV

3.0
4.0
5.0

Cs2CO3
3.0
LUMO3.5
3.52 2000 ppm
3.64 200 ppm
4.20 non-dope
4.33 200 ppm
4.56 2000 ppm
HOMO5.1

6.0
6.7

7.0

MoO3

Fig. 1.3.4. Energy levels of H2Pc. The dashed lines indicate the work functions of a 50 nm thick
H2Pc layer with no dopant (black), doped with 200 ppm MoO3 (green), doped with 2000 ppm MoO3
(blue), doped with 200 ppm Cs2CO3 (orange), and doped with 2000 ppm Cs2CO3 (red) on ITO
substrates.
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1.3.4. Energy level alignment
The alignment of the energy levels at the organic semiconductor/electrode and
the organic semiconductor/organic semiconductor interface is important for the
performance of the OSCs[42–44]. If the work function of the electrode (Wm) is greater
than the HOMO level of the donor molecule (Fig. 1.3.5. (a)), electron diffusion from the
donor molecule to the electrode occurs after contact. The Fermi energy (EF) is pinned
near the HOMO level in the energy gap. As a result, an ohmic contact for holes is
formed at the interface (Fig. 1.3.5 (b)). However, if the Wm is lower than the LUMO
level of the donor molecule, an energy barrier for holes is formed at the interface. In
contrast, an ohmic contact for electrons at the acceptor layer/electrode interface requires
that Wm < LUMO level of the acceptor molecule (Figs. 1.3.5 (c) (d)). The OSCs usually
have a layer of high or low work function material inserted between an organic layer
and an electrode make sufficient ohmic contact. On the other hand, a heavily doped
layer also makes ohmic contact because the width of the depletion layer becomes less
than 3 nm[45]. This narrow depletion layer allows charge to transport by tunneling.
(a)
VL

VL

(b)
VL

−

LUMO

LUMO

Wm

HOMO

EF
(c)
VL

VL
Wm

EF

LUMO

EF

+

(d)
VL

−

EF

LUMO

+

HOMO

HOMO

HOMO

Fig. 1.3.5. Energy band diagram of a metal and an organic
semiconductor. (a)(c) Before contact. (b)(d) After contact.
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The alignment of the energy levels at the organic semiconductor/organic
semiconductor interface is important because charge separation and recombination
occurs at the donor/acceptor interface. Electron transfer from donor to acceptor occurs
at the donor/acceptor interface[46]. As a result, the vacuum level in the acceptor layer
is higher than that in the donor layer (Fig. 1.3.6. (b)). Alignment of these energy levels
suggests that there is an interfacial dipole at the interface. However, neither cation nor
anion species have been observed at the interface[47]. Recently, an electrostatic model
has been applied to organic semiconductor/organic semiconductor interfaces[47–49].
This model assumes that there is an electrostatic field from the substrate to the interface,
i.e. not only an interfacial dipole at the donor/acceptor interface. The change in the
gradient of the vacuum level is due to the electrostatic field between the substrate and
the door/acceptor interface (Fig. 1.3.6. (d))
(a)

(b)
VL

VL

LUMO

∆

LUMO

EF

EF

HOMO

HOMO

(c)

(d)
VL

VL

LUMO

LUMO

EF
EF
HOMO

HOMO

Fig. 1.3.6. Energy band diagram of the donor and acceptor molecules.
(a)(c)Before contact. (b) Interfacial dipole model (d) Electrostatic model.
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1.4. Device performance of organic solar cells
The power conversion efficiency (PCE) is determined by the J-V curve. This
curve is measured under air mass 1.5, with a light intensity of 100 mW cm−2.

This

condition corresponds to irradiation of the surface of the earth by sunlight at an incident
angle of 48.2°. A typical J-V curve is shown in Fig 1.3.7. The PCE is determined by
the following equation:
𝐽𝑆𝑆 𝑉𝑂𝑂
𝐽𝑀𝑀𝑀 𝑉𝑀𝑀𝑀
= FF
𝑃int
𝑃int

PCE =

Where Pint is the incident power density, Jmax and Vmax are the maximum values of the
photo-current density and the voltage. FF is given by the following equation:
FF =

𝐽𝑀𝑀𝑀 𝑉𝑀𝑀𝑀
𝐽𝑆𝑆 𝑉𝑂𝑂

Thus, the device performance of the OSC is determined by three parameters: the shortcircuit photo-current (JSC), the open-circuit voltage (VOC) and the fill factor (FF).
5
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Fig. 1.3.7. Typical J-V curve of organic solar cell.
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The J-V curve for a p-n junction cell under irradiation is given by the following
equation:
𝑒𝑒
𝐽(𝑉) = 𝐽0 �𝑒𝑒𝑒 �
� − 1� − 𝐽SC
𝑛𝑛𝑛

where J (V) is the photo-current density at the applied voltage V, J0 is the saturation
dark current density, e is the elementary charge, n is the ideality factor, and kT is the
thermal energy. The series resistance and leakage current are neglected in this equation.
The open circuit voltage, VOC, can be found by setting the photo-current density,
J(V), to zero in the above equation:
𝑉𝑂𝑂 = 𝑛
≈𝑛

𝑘𝑘
𝐽𝑆𝑆
ln � − 1�
𝑒
𝐽0

𝑘𝑘
𝐽𝑆𝑆
ln � �
𝑒
𝐽0

According to this equation, VOC increases with increasing JSC. JSC is related to the total
charge collected per incident photon. In contrast, VOC decreases with increasing J0. J0
is represented by the recombination current in the dark. Thus, charge recombination
causes JSC, VOC and FF to decrease.
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1.5. Current issues in organic solar cells
The performance of organic solar cells is related to the charge carrier transport
and recombination. Charge generation in the co-deposited film is sufficient because the
excitons reach the donor/acceptor interface immediately. The ideal morphology for the
co-deposited film is that the donor and acceptor regions are arranged alternately. This
morphology ensures the charge carrier transport pathway. However, fabrication of an
ideal co-deposited film is difficult. Thus, understanding the charge carrier transport
properties in co-deposited films is important.
The open-circuit voltage (VOC) is dependent on the energy difference (EDA)
between the HOMO level of the donor and LUMO level of the acceptor. However, the
observed VOC is significantly lower than EDA. As mentioned earlier, the lower VOC is
related to charge recombination. In order to increase VOC, we need to understand the
relationship between VOC and charge recombination.
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1.6. Motivation for this thesis
In this thesis, the author has focused on clarifying the effects of the charge
carrier behavior on the performance of an OSC.
Firstly, the author attempted to clarify the charge transport properties in a codeposited film. A mixed structure with both donor and acceptor molecules prevents
charge carrier transport. If the range of the charge carriers is less than the thickness of
the co-deposited film, the charge collection will be insufficient for the OSC. The author
has estimated the range of the charge carriers in co-deposited films using impedance
spectroscopy.
Next, the author focused on the relationship between carrier recombination and
the reduction in VOC. Since disorder causes trap-assisted recombination, the effect of
trap-assisted recombination on VOC should be clarified. The author attempted to show
the presence of trap-assisted recombination in the OSCs. Moreover, the reduction in
VOC caused by trap-assisted recombination was quantified.
Finally, the author attempted to increase VOC using impurity doping. The author
believes that the value of VOC is sensitive to the energy band structure at the
donor/acceptor interface.

On the other hand, the work function of the organic

semiconductor is controlled by the impurity doping. Thus, impurity doping may cause
the energy level alignment at the donor/acceptor interface to change. Consequently, the
author clarified the effect of impurity doping on the value of VOC.
.
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1.7. Overview of this thesis
This thesis consists of five chapters.

In chapter 1, the motivation for this study and the fundamental principles of OSCs
are described. The charge carrier behavior in OSCs, including carrier transport and
recombination are also described, as are the impurity doping and alignment of the
energy levels.

In chapter 2, the hole and electron transport in phthalocyanine (H2Pc):fullerene (C60)
co-deposited films is described. The author has focused on charge carrier transport in
these co-deposited films. Hole- and electron-only devices were fabricated by inserting
heavily doped layers acting as ohmic contacts for holes or electrons, respectively. The
carrier mobility (µ), the deep trapping lifetime (τ), and the range (L) of the charge
carriers, that is, the average distance that the injected carriers can move until they are
captured by the deep traps, for holes and electrons were obtained selectively by
impedance spectroscopy. The dependences of µ,τ and L on the H2Pc:C60 ratio were also
obtained. For hole-only devices, µh increases from 10−6 to 10−4 cm2 V−1 s−1 and τh
decreases from 10−4 to 10−6 s as the H2Pc ratio is increased from 50% to 83%. For
electron-only devices, µe increases from 10−4 to 10−2 cm2 V−1 s−1 and τh decreases from
10−5 to 10−6 s as the C60 ratio is increased from 17% to 50%. Interestingly, Lh and Le
remain constant and independent of the H2Pc:C60 ratio, with values of 0.34 and 9.4 µm,
respectively, obtained.
Because of the amorphous nature of the H2Pc:C60 co-deposited films, a multiple
trapping model is used to explain these results. Since holes are captured and released by
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shallow traps many times, µh is dominated by the number of shallow traps. The author
proposes that the magnitude of the disorder in H2Pc aggregates is related to the number
of shallow traps. The number of shallow traps decreases with increasing H2Pc ratio
since the magnitude of disorder decreases as the H2Pc ratio increases.

Thus, µh

increases with increasing amounts of H2Pc. Higher µh shortens the time required for
holes to reach the deep traps, i.e., the deep trapping lifetime (τh). The increase in µh and
the decrease in τh cancel each other out, so Lh is independent of the H2Pc ratio. This
explanation is also valid for the observed dependences of µe, τe, and Le on the C60 ratio.
Lh and Le are far greater than the typical thickness of co-deposited layers in organic
photovoltaic cells, which is around 100 nm. There is no recombination process between
holes and electrons in the hole-only and electron-only devices. Thus, the author
concluded that, under conditions without recombination, electrons and holes, photogenerated in H2Pc:C60 co-deposited films, can be collected at the respective electrodes.

In chapter 3, the reasons for the loss in VOC in H2Pc/C60 devices are described. In
the open-circuit condition, the photo-generated charge can be described by the
equilibrium between charge transfer and charge separation at the interface between the
donor and acceptor layers. The energy of the photo-generated charge under open-circuit
conditions is given by the charge transfer energy (ECT), which is equal to EDA minus the
exciton binding energy. If the recombination rate increases, the observed VOC becomes
lower than ECT. To clarify the relationship between the loss in VOC and the charge
recombination process, the author determined the energy loss and the charge
recombination properties.
The author fabricated planar heterojunction H2Pc/C60 solar cells. Since ECT is the
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low temperature limit of VOC, the temperature dependence of VOC was examined. From
this, ECT was determined to be 1.34 eV. The loss in VOC was also determined and found
to be 0.87 eV (= ECT − qVOC).

In an ideal solar cell, the loss in VOC is due to

bimolecular recombination only. However, the measured dependence of VOC on the light
intensity indicates that there is both bimolecular and trap-assisted recombination in the
H2Pc/C60 devices.

From the results of the temperature and the light intensity

dependences of VOC, the energy lost due to bimolecular recombination was found to be
0.55 and that due to trap-assisted recombination was 0.32 eV.
The dependence of the recombination lifetime on the charge carrier concentration
was estimated from a Cole-Cole impedance plot. The reaction order of the charge
carrier recombination decreases as the temperature increases. A reaction order of 2
means only bimolecular recombination occurs, whereas larger numbers mean that trapassisted recombination is also involved.

The decrease in reaction order with

temperature indicates that bimolecular recombination is likely to happen at higher
temperatures because free charge is released from the traps.
The H2Pc/C60 devices had a large loss in VOC related to trap-assisted
recombination. The temperature dependence of the reaction order revealed that charge
trapped at localized states was the main cause of the fast recombination. If the number
of localized states can be decreased, H2Pc/C60 devices have the potential to have larger
values of VOC.

In chapter 4, controlling VOC by impurity doping is described. The energy band
structure near the interface between the donor and acceptor layers may change VOC
because alignment of the Fermi levels (EF) after the different layers are brought into
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contact leads to a vacuum level shift near the interface and a change in EDA. The author
envisaged that the energy band structure could be controlled by the impurity doping, as
a result of which the EF of the organic layer could be manipulated. The author applied
impurity doping to the H2Pc/C60 solar cells.
The doped H2Pc/C60 devices showed that VOC decreased to 0.36 V when MoO3
was added to the H2Pc layer as a p-type dopant, whereas it increased to 0.52 V with
Cs2CO3 as an n-type dopant. Energy level mapping revealed that a vacuum level shift
had occurred near the donor/acceptor interface in the direction of decreasing EDA with
p-type doping and increasing EDA with n-type doping, corresponding to the changes in
VOC.

To investigate the effect of impurity doping near the interface, the author

fabricated a number of H2Pc/doped H2Pc/C60 tri-layer devices with different thicknesses
for the thin doped H2Pc layer. For doped H2Pc layers from 5 to 10 nm, the VOC changes
gradually. The value of VOC of devices with 10 nm thick doped H2Pc is almost the same
as those with 50 nm thick doped H2Pc. The results indicate that VOC is determined by
the energy band structure within 10 nm of the interface between the donor and acceptor
layers.
The results demonstrate that the value of VOC in OSCs is determined by the energy
band structure near the donor/acceptor interface. The results also showed that the energy
band structure can be controlled through impurity doping and that VOC can be increased
by n-type doping. This impurity doping effect can be adapted to OSCs in general.

In chapter 5, a summary of this thesis and the conclusions drawn from it are
presented. The future prospects are also given.
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Chapter 2:
Hole- and electron-only transport in ratio-controlled organic
co-deposited films observed by impedance spectroscopy
“Hole- and electron-only transport in ratio-controlled organic co-deposited films
observed by impedance spectroscopy” Naoto Shintaku, Seiichiro Izawa, Kenichiro
Takagi, Hiroyoshi Naito, Masahiro Hiramoto, Org. Electron., 50, 515-520 (2017).

Abstract

The dependences of the mobility, the lifetime of deep traps and the range for
hole- and electron-only devices on the ratio of metal-free phthalocyanine and fullerene
in co-deposited films were measured by impedance spectroscopy. The ranges of the
carriers were shown to be independent of the ratio of the co-deposited molecules. A
multiple trapping model in which the disorder of the co-deposited molecules gives rise
to shallow traps that dominate the mobility is proposed. Very long hole and electron
ranges of 0.34 and 9.4 µm, which are long enough to extract carriers from co-deposited
films in organic photovoltaic cells, were observed.
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2.1. Introduction
Co-deposited films of small molecular organic semiconductors have been widely
used as active layers in organic photovoltaic cells [1-9]. To efficiently collect photogenerated carriers at the electrodes, an understanding of the transport properties of the
holes and electrons in these co-deposited films is essential.
Fortunately, impedance spectroscopy (IS) has been developed to estimate the
carrier mobility [10,11] and the distribution of localized states [12,13]. Simultaneous
measurement of the carrier mobility and the lifetime of deep traps, and determination of
the carrier range (Schuweg) were recently developed by Takagi [14,15]. Although
measurements of the distributions of localized states in co-deposited films in organic
photovoltaic cells has been reported [16], determination of the mobility, the lifetime of
deep traps, and the carrier range has not been done for both holes and electrons.
In this chapter, the author shows that impedance spectroscopy measurements of
the carrier mobility, the deep trapping lifetime and the carrier range for both holes and
electrons in ratio controlled metal-free phthalocyanine:fullerene (H2Pc:C60) codeposited films which is the typical system for small molecular photovoltaic cells. Very
long hole and electron ranges of 0.34 and 9.4 mm were observed.
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2.2. Experimental
H2Pc (Dainippon Ink & Chemicals) and C60 (Frontier Carbon, nano purple TL)
were purified by single-crystal sublimation [7,17]. Fig. 2.3.1(a) and (b) show the
structures of hole- and electron-only devices utilizing H2Pc:C60 co-deposited films,
respectively. In order to make ohmic contacts to collect the holes and electrons, the
undoped H2Pc:C60 films were sandwiched between heavily doped p-layers (p+) (Fig.
2.3.1(a)) or heavily doped n-layers (n+) (Fig. 2.3.1(b)). The H2Pc:C60 films were formed
by co-deposition on indium tin oxide (ITO) substrates at 10−5 Pa in a vacuum evaporator
housed in a glove box (EpiTech Inc., ETVP-VG 100-SP/12ET12007) purged with N2
gas (H2O < 40 ppm, O2 < 0.2 ppm) (Fig. 2.3.1(c)). The evaporation rate of H2Pc was 0.1
nm s−1 and that of C60 was varied from 0.02 to 0.1 nm s−1. The H2Pc:C60 ratio (X%:Y%)
is abbreviated as H2Pc X% for the hole-only devices and as C60 Y% for the electrononly devices. The thicknesses of the hole- and electron-only devices were 200 and 1400
nm, respectively [18]. Heavily doped p+ (50,000 ppm MoO3 (Alfa Aeser)) and n+
(10,000 ppm Cs2CO3 (Aldrich)) –layers (10 nm) were formed by three-component coevaporation [19].
The IS measurements [10-16] were carried out using an impedance analyzer
(Solartron analytical, Modulab XM) in the frequency range from 1 to 106 Hz. In order to
obtain capacitancefrequency (C-f) curves, an a.c. voltage with amplitude of 100 mV on
top of a DC voltage was applied to the devices. The organic films were not exposed to
air at any time during both film deposition and the IS measurements (FIg. 2.3.1(d)).
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(a)

(d)

ITO p+

C60:H2Pc

p+

Modulab XM

Au

200 nm
10 nm
10 nm
H2Pc 50%, 60%, 71%, 83%

(b)
ITO n+

(c)

C60:H2Pc

n+ Al

1400 nm
10 nm
10 nm
C60 17%, 25%, 29%, 50%

Cell holder

Fig. 2.3.1. (a) Hole-only device. (b) Electron-only device. (c) Fabricated device. (d) Impedance
spectroscopy measurements, Modulab XM is connected to the device holder.
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2.3. Results and discussion
2.3.1. J-E characteristics
Fig. 2.3.2 shows the current density-electric field (J-E) curves. All J-E curves
were symmetric irrespective of the polarity of E [20]. For hole-only devices, by
increasing the H2Pc ratio from 50% to 83%, J increased around two orders of
magnitude. For electron-only devices, by increasing C60 ratio from 17% to 29%, J
increased three orders of magnitude. Observed J-E curves were completely different for

current density / A cm−2

hole- and electron-only devices.

10−1

C60 29%

10−2
10−3

H2Pc 83%

C60 17%

10−4
10−5

H2Pc 50%

10−6
10−7
−3

−2

−1

0

1

2

3
[×105]

electric field / V cm−1

Fig. 2.3.2. J-E curves for hole-only devices (red curves) having H2Pc 50% and 83% and for electrononly devices (blue curves) having C6017% and 29%.
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2.3.2. Hole-only devices
Fig. 2.3.3(a) shows the frequency dependence of the capacitance (C-f plot) for
the hole-only H2Pc 50% device (Fig. 2.3.1(a)). With V = 0 V, the capacitance (C)
decreases monotonically (black curve). When a positive voltage (V) was applied to the
ITO electrode, a clear valley-like response appeared in each C-f curve. On increasing
the voltage from 1 to 8 V, the minimum value of C shifts from a low frequency (8.0 ×
102 Hz at 1 V) to a high frequency (3.0 × 104 Hz at 8 V). Essentially the same results
were obtained when applying the opposite polarity, i.e., a positive voltage to the Au
electrode [20]. Inserting p+-layers at the electrode interfaces (Fig. 2.3.1(a)), which
makes both interfaces ohmic for holes, was necessary in order to obtain reproducible
frequency response curves
The hole mobility (µh) can be obtained from the decrease in C on the high
frequency side. Since C decreases due to discharge after the holes reach the counter
electrode, the transit time (tt) across the thickness (d) of the H2Pc:C60 film is roughly
equal to the reciprocal of the frequency at which C begins to decrease. µh can be
obtained from the following equation.
𝜇h =

𝑑2

𝑡t 𝑉

(1)

For a more precise determination of tt, the frequency dependence of the negative
differential susceptance (−2πf (C−Cgeo)), abbreviated here to −∆B, [10, 11, 21-25] was
plotted (Fig. 2.3.3(e)). Here, Cgeo is the geometrical capacitance. From the frequency
(fmax) at which the maximum value of −∆B occurs at V = 8 V, the transit time (tt = 0.72 /
fmax) and µh [11, 25, 26] were calculated to be 1.6 × 10−5 s and 4.3 × 10−6 cm2 V−1 s−1
respectively. µh was shown to increase with electric field (E) (Fig. 2.3.4(a) black dots).
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When the amount of H2Pc was increased to 83% (Fig 2.3.3(f)), fmax shifted to
higher frequencies. The carrier mobility is proportional to frequency; thus, µh increased
from 10−6 cm2 V−1 s−1 (H2Pc 50%) to 10−4 cm2 V−1 s−1 (H2Pc 83%). On increasing the
amount of H2Pc, a systematic increase in µh was clearly observed (Fig. 2.3.5(a), dots).
The hole lifetime (τh) can be obtained from the increase in C on the low
frequency side. C increases due to carriers being captured by deep traps before reaching
the counter electrode [12, 25, 27]. We calculated τh using the numerical analysis
developed by Takagi et al. [14]. For example, τh was determined to be 2.0 × 10−5 s for
H2Pc 50% at V = 8 V. τh was shown to decrease with E (Fig. 2.3.4(a) blue dots).
When the amount of H2Pc was increased to 83% (Fig. 2.3.3(b)), the frequency at
which C increased shifted to a higher value. τh is inversely proportional to frequency;
thus, τh decreased from 1.4 × 10−4 s (H2Pc 50%) to 4.3 × 10−6 s (H2Pc 83%). On
increasing the amount of H2Pc, a systematic decrease in τh was clearly observed (Fig.
2.3.5(b), dots). Although there was finite distribution of lifetime data points due to the
finite electric field range, there was far larger change in lifetime caused by varying H2Pc
ratio.
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Fig. 2.3.3. Frequency dependences of the capacitance and −ΔB for hole-only devices of H2Pc 50%
(a) (e), H2Pc 83% (b) (f) and for electron-only devices of C60 50% (c) (g), C6017% (d) (h). The
applied d.c. voltage is shown in the figures.
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2.3.3. Electron-only devices
Figs. 2.3.3(d) and 2.3.3(h) show the C-f and –∆B-f plots for the electron-only C60
17% (H2Pc 83%) device (Fig. 2.3.1(b)).

The observed µe for this device was

determined to be 10−3 cm2 V−1 s−1, which is 10 times greater than the µh value (10−4 cm2
V−1 s−1) for the hole-only H2Pc 83% device (Fig. 2.3.5(a)). The value of τe observed for
the electron-only device was determined to be 10−5 s which is 10 times longer than the
value of τh (10−6 s) for the hole-only device (Fig. 2.3.5(b)). Moreover, a systematic
decrease in µe and a systematic increase in τe with decreasing C60 ratio were clearly
observed (Figs. 2.3.5(a) and 2.3.5(b), triangles).

Thus, the author successfully

separately measured the mobility and lifetime for holes and electrons using IS.
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2.3.4. Multiple trapping model
The author adopted the multiple trapping model (Fig. 2.3.4(b)) due to the
amorphous nature of H2Pc:C60 co-deposited films [28] and the mobility increase with E
(Fig. 2.3.4(a) black dots) which indicate the existence of trap states. There are shallow
and deep traps (red and black bars, respectively) for holes within the H2Pc bandgap.
Since the shallow traps are lying at low energy less than thermal energy at room
temperature, holes are captured and released at shallow traps many times. Thus, µh is
dominated by the shallow traps.
Finally, the holes are captured by deep traps, from which they are unable to
escape. The time required for hole capture by the deep traps dominates the hole lifetime
(deep trapping lifetime) (τh). The range (Schuweg) of the holes (Lh) is given by the
following equation,
Lh = µhτhE

(2)

The dependences of µh, τh and Lh on the electric field, E, for H2Pc 50% are
shown in Fig. 2.3.4(a). µh increased and τh decreased with increasing E and Lh was
independent of E and had a constant value of 0.34 µm (Fig. 2.3.4(a)). These observed
behavior can be reasonably explained by the multiple trapping model (Fig. 2.3.4(b))
[28]. The shallow traps dominate µh. The deep traps dominate Lh. Since the holes are
more easily released from shallow traps at higher E, µh increase is observed (Fig. 2.3.4
(a) black dots). Since holes are hardly released from deep traps even at high E, constant
Lh is observed. Thus, higher µh shortens the time required for holes to reach the deep
traps, i.e., the deep trapping lifetime (τh).
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Fig. 2.3.4. (a) Electric field (E) dependences of the mobility (µh) (black dots), the deep trapping
lifetime (τh) (blue dots), and the range (Lh) (red dots) for hole-only device of H2Pc 50%. (b)
Schematic illustrations of energetic structures near the upper edge of the H2Pc valence band. The
depth of the shallow hole traps is less than 0.025 eV at room temperature. The values of µh, τh and Lh
at 1.0×105 V cm−1 are written in (b).
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2.3.5. µ, τ, L dependences on the H2Pc:C60 ratio
For hole-only devices, µh increases from 10−6 to 10−4 cm2 V−1 s−1 (Fig. 2.3.5(a)
dots) and τh decreases from 10−4 to 10−6 s (Fig. 2.3.5(b), dots) as the H2Pc ratio
increases from 50% to 83%. Interestingly, Lh is independent of the H2Pc concentration
and has a constant value of 0.34 µm (Fig. 2.3.5(c), dots). For electron-only devices, µe
increases from 10−4 to 10−2 cm2 V−1 s−1 (Fig. 2.3.5(a), triangles) and τe decreases from
10−5 to 10−6 s (Fig. 2.3.5(b), triangles) as the amount of C60 increases from 17% to 50%.
Again, Le is independent of the concentration of C60 and has values around 9.4 µm (Fig.
2.3.5(c), triangles).
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Fig. 2.3.5. Dependences of (a) mobility, (b) the deep trapping lifetime and (c) the range on the
concentration of H2Pc for hole-only devices (dots) and on the concentration of C60 for electron-only
devices (triangles). Measurements for the hole-only and electron-only devices were made under
electric fields in the ranges of 0.7 ~ 1.5 × 105 and 0.1 ~ 0.6 × 105 V cm−1, respectively. (d)
Dependence of the depth of valleys (Cgeo – Cmin (Cmin: minimum capacitance value of valley)) on the
thickness (d) of H2Pc 50% co-deposited films for hole-only devices at 1.5 × 105 V cm−1. Inset: C-f
curves for the hole-only devices having d of 200, 250, 300 and 400 nm.
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2.3.6. Carrier transport in H2Pc:C60 co-deposited film
Figs. 2.3.6(a) and 2.3.6(c) show a comparison between multiple trapping models
for H2Pc 50% and H2Pc 83% hole-only devices. The increase in µh can be reasonably
explained by the decrease in the number of shallow traps. Little X-ray diffraction peaks
for H2Pc or C60 were observed for H2Pc 50%, this film can be regarded as being an
amorphous mixture of H2Pc and C60 molecules (Fig. 2.3.6(b)) [29]. We propose that the
magnitude of the disorder in the H2Pc aggregates can be considered to be related to the
number of shallow traps. Since the magnitude of disorder of H2Pc 83% is smaller than
the 50% film, a higher value of µh was observed for the 83% film. On the other hand,
Lh is independent of the H2Pc:C60 ratio and has a constant value of 0.34 µm (Fig.
2.3.5(c), dots).

This observation strongly suggests that Lh is dominated by the

concentration of deep traps and is hardly influenced by the H2Pc:C60 ratio. Thus, higher
µh shortens the time required for holes to reach the deep traps, i.e., the deep trapping
lifetime (τh). τh decrease with increasing H2Pc composition is explained by the decrease
of number of shallow traps.

Actually, τh decreases from 10−4 to 10−5 s as the

concentration of H2Pc increases from 50% to 83%; that is, the increase in µh and the
decrease in τh cancel each other out. We consider that the constant value of Lh, 0.34 µm,
is inherent to amorphous H2Pc. In the case of electron-only devices, µe increases and τe
decreases as the concentration of C60 increases from 17% to 50% and the value of Le of
9.4 µm remains roughly constant (Fig. 2.3.5(c), triangles). These results can be
explained by the multiple trapping model for electrons in C60, which is essentially the
same as for holes in H2Pc (Fig. 2.3.6). Since the average distance between the surface
of C60 neighbors is 0.9 nm even in the diluted system (C60 17%), C60 mediates the
electron transport.
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(a)

(c)
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τh 10−6 s

µh 10−6 cm2 V−1 s−1
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Fig. 2.3.6. Schematic illustrations of energetic structures near the upper edge of the H2Pc valence
band and microscopic structures (10 nm x 10 nm) for H2Pc 50% (a) (b) and H2Pc 83% (c) (d). The
red and black bars correspond to shallow and deep trapping levels, respectively. The depth of the
shallow hole traps is less than 0.025 eV at room temperature. The numbers of molecules were
calculated taking account the density and the ratio of co-deposited films.
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In order to clarify the effect of crystallization on Lh, a co-deposited H2Pc:C60
film (H2Pc 50%) was evaporated onto a substrate heated at 70 °C. This produces a film
with many H2Pc nanocrystals surrounded by amorphous C60 [30]. We obtained Lh = 1.6
µm which is longer than the value of 0.34 µm obtained for the amorphous H2Pc film.
Clearly, crystallization of the H2Pc increases Lh. We surmise that the concentration of
deep traps in crystalline H2Pc is lower than that in amorphous H2Pc.
The carrier range (L) can be determined experimentally by varying the distance
between electrodes [31]. In order to clarify the physical meaning of L, we measured the
thickness (d) dependence of C-f curves for hole-only devices (Fig. 2.3.5(d)).

By

increasing d from 200 to 400 nm (Fig. 2.3.5(d) inset), the depth of valleys in the C-f
curves gradually decreased from 200 to 300 nm (L>d) and disappeared at 400 nm (L<d).
Disappearance of capacitance valley clearly showed that the injected carriers could not
reach to the opposite side electrode under the condition of L<d. The d value of the
disappearance point of capacitance valley was in between 300 and 400 nm (Fig.
2.3.5(d)). Thus, L was directly determined by C-f curves. This was agreed with the
value of range L = 0.34 µm which was calculated by using values of µ and τ. This
experimental result showed that L has the clear physical meaning, i.e., the average
distance that the injected carriers can move until they are captured by the deep traps
[32].
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2.4. Conclusions
In conclusion, the mobility, lifetime and range for holes and electrons were
measured by IS using hole-only and electron-only devices. The observed hole and
electron ranges (0.34 µm and 9.4 µm, respectively) under conditions without
recombination were shown to be sufficiently long for carriers to be extracted from codeposited films in organic photovoltaic cells with typical thicknesses of around 0.1 µm.
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Chapter 3:
Effect of trap-assisted recombination on open-circuit voltage
loss in phthalocyanine/fullerene solar cells
“Effect

of

trap-assisted

recombination

on

open-circuit

voltage

loss

in

phthalocyanine/fullerene solar cells” Naoto Shintaku, Masahiro Hiramoto, Seiichiro
Izawa, Org. Electron., in press. DOI:10.1016/j.orgel.2018.01.016.

Abstract
Large energy losses in open-circuit voltage (VOC) are still an issue for the photoconversion efficiency of organic solar cells (OSCs).

The author clarifies the

relationship between charge recombination and VOC loss for phthalocyanine/fullerene
planar heterojunction (PHJ) OSCs. The author quantifies the VOC loss relative to the
charge-transfer state energy by the temperature dependence of VOC.

The charge

recombination order obtained from impedance measurements indicates the presence of
trap-assisted recombination. Our results suggest that the VOC losses are caused by the
broad distribution of the tail state near the donor/acceptor (D/A) interface in the PHJ
device. Thus, reducing the number of trap states near the D/A interface could lead to an
increase in VOC.
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3.1. Introduction
Open-circuit voltage (VOC) is an important parameter in determining the
performance of organic solar cells (OSCs) [1]. It depends primarily on the energy level
difference (EDA) between the highest occupied molecular orbital (HOMO) of the
electron donor material (D) and the lowest unoccupied molecular orbital (LUMO) of the
electron acceptor material (A) [2]. However, the observed value of eVOC (where e is the
elementary charge) is always much lower than EDA[3], and the consequent energy loss
has been identified as a significant issue that hinders OSC performance.
In the open-circuit condition, the photo-generated charges are described as an
equilibrium between the charge transfer and charge separated states at the
donor/acceptor (D/A) interface[4].

The charge-transfer state energy (ECT) is equal to

EDA minus the coulomb binding energy[4,5]. However, the photo-generated charges
decay to the ground state through charge recombination, which causes a loss of energy
between ECT and eVOC; therefore, the charge recombination process is important for
estimating the VOC loss. In ideal solar cells, the VOC loss is solely due to bimolecular
recombination[6].

However, in OSCs, trap-assisted recombination also causes

additional VOC loss[7,8].
In this chapter, the author clarifies the relationships between the VOC loss and
the charge recombination process. The VOC loss relative to the ECT is quantified in a
phthalocyanine (H2Pc)/fullerene (C60) planar-heterojunction (PHJ) cell that is a typical
materials combination in OSCs. To investigate the origin of the VOC loss in H2Pc/C60
devices, the author estimates the ideality factor (n), which indicates the charge
recombination type. In addition, the author observes the temperature dependence of the
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charge recombination behavior by impedance spectroscopy.

Finally, the author

proposes a way to decrease the VOC loss based on these experimental results.
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3.2. Experimental
H2Pc (Dainippon Ink & Chemicals) and C60 (Frontier Carbon, nano purple TL)
were purified by single-crystal sublimation. The OSC devices were fabricated on
indium tin oxide (ITO)-coated glass substrates (ITO thickness: 150 nm; sheet resistance:
10.3 Ω sq−1; Techno Print). The MoO3 hole-transporting layer (10 nm, 0.1 nm s−1), H2Pc
donor layer (50 nm, 0.1 nm s−1), C60 acceptor layer (50 nm, 0.1 nm s−1), BCP electrontransport layer (15 nm, 0.1 nm s−1), and Al electrodes (75 nm, 0.4 nm s−1) were
deposited by thermal evaporation under high vacuum (~10−5 Pa) in a vacuum
evaporation system (VTS-350M, ULVAC) housed in a glove box (DSO-1.5S MS3-P,
Miwa). The devices were characterized in a vacuum container for optical measurements
(Epitech) without exposure to air.
The J–V characteristics of the devices were measured under simulated solar
illumination (AM 1.5, 100 mW cm−2) from a solar simulator based on a 300 W Xe lamp
(HAL-320, Asahi Spectra) using a source meter (R6243, Advantest). The light intensity
was calibrated with a standard silicon solar cell (CS-20, Asahi Spectra). The active area
of the devices was defined using a 0.04 cm2 photomask. The device temperature (40 °C
to 0 °C) was controlled using a thermoelectric temperature controller (VICS). The
picture of temperature and light intensity dependence measurements are shown in Fig.
3.3.1.
The impedance spectroscopy were carried out using an impedance analyzer
(Solartron analytical, Modulab XM) in the frequency range from 1 to 106 Hz with
amplitude voltage of 50 mV.
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(a)

(b)

Thermometer

Peltier device

Photomask

Fig. 3.3.1 (a) Sealed device. (b) Temperature and light intensity dependence measurement using
Peltier device and thermometer.
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3.3. Results and discussion
3.3.1. Temperature and light intensity dependence of VOC
The PHJ device was fabricated by thermal evaporation under high vacuum, and
had an ITO/MoO3/H2Pc/C60/BCP/Al structure (Fig. 3.3.2(a)). The author measured a
VOC of 0.47 V, short-circuit current (JSC) of 2.84 mA cm−2, fill factor of 0.59, and powerconversion efficiency of 0.78% at room temperature under simulated solar illumination
(AM 1.5, 100 mW cm−2). These values are similar to those reported in previous
studies[9,10].

(a)

(b)
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C60

50 nm
10 nm

H2Pc

C60

LUMO3.5

Energy / eV
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H2Pc
3.0

LUMO3.8

4.0

EDA =1.3 eV

5.0
HOMO5.1
6.0

MoO3

HOMO6.2

ITO
7.0

Fig. 3.3.2 Schematics of (a) the H2Pc/C60 OSC device and the (b) H2Pc and C60 energy levels.

The author estimated the VOC loss relative to the ECT values obtained from the
temperature dependence of the J–V characteristics (Fig. 3.3.3(a)). Since the ECT is a
low temperature limit for the VOC, the author can extract the ECT values as the intercept
of the linear plots of VOC as a function of temperature[5]. The temperature dependence
of VOC was plotted in Fig. 3.3.3(b). This shows that VOC decreased from 0.54 to 0.42 V
as the temperature increased from 275 to 317 K. The change in VOC with temperature
can be expressed as follows:
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𝑒𝑒OC = 𝐸CT − 𝑛𝑛𝑛ln �

𝐽00
�
𝐽ph

where k is Boltzmann’s constant, T is the temperature, Jph is the photo-generated current
density, and J00 is the pre-exponential factor of the reverse saturation current density.
For the results shown in Fig. 3.3.3(b), this gives an ECT of 1.34 eV, which is roughly
equal to the EDA for H2Pc/C60. As the energy loss between ECT and eVOC at room
temperature was 0.87 eV, more than half of the energy was lost owing to charge
recombination.
Next, to identify the type of charge recombination occurring in the OSC, the
author estimated the ideality factor n from the light intensity dependence of the J–V
characteristics shown in Fig. 3.3.3(c). Since the slope of the relationship between VOC
and the light intensity can be represented as nkT [11,12], the author can extract n from
the slopes of these plots. In ideal p–n junctions where recombination is dominated by
bimolecular recombination, i.e., band-to-band recombination, n is equal to unity.
However, in classical p–n junctions, n has been reported to increase owing to Shockley–
Read–Hall (SRH) recombination[13]. An n value greater than unity also indicates the
presence of trap-assisted recombination in OSCs [14,15]. The relationship between light
intensity and VOC is plotted in Fig. 3.3.3(d), which shows that VOC increased from 0.34
to 0.53 V as the light intensity increased from 5 to 400 mW cm−2. The slope of a linear
fit to this data gives n = 1.57, thus indicating the occurrence of both bimolecular and
trap-assisted recombination in this PHJ device. Eq. 1 expresses the energy loss between
ECT and eVOC in terms of n, k, T, Jph, and J00. The author calculated that J00 = 7.19×109
mA cm−2 using the JSC values for Jph, obtained n values, and slope of the temperature
dependence of VOC. The value of J00 is related to the charge recombination rate [16].
The contributions of J00 and n to the VOC loss are as follows [7]:
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𝐽

𝑒𝑉𝑟𝑟𝑟 loss = 𝑘𝑘ln � 𝐽ph � and
00

𝐽

𝑒𝑉𝑡𝑡𝑡𝑡 loss = (𝑛 − 1)𝑘𝑘ln � 𝐽ph �.
00

The Jph/J00 ratio corresponds to the balance between the charge generation and
recombination rates. Vrec represents the energy loss in the ideal case where n is unity
and Vtrap represents the additional loss when n is greater than unity, i.e., the contribution
of trap-assisted recombination. The values of Vrec and Vtrap were calculated to be 0.55
and 0.32 V, respectively (Fig. 3.3.3(e)).
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Fig. 3.3.3.

(a) J–V curves for the H2Pc/C60 OSC at various temperatures.

(b) Temperature

dependence of VOC. (c) J–V curves for the H2Pc/C60 OSC at various light intensities. (d) Light
intensity dependence of VOC. (e) Schematic diagram of the VOC losses relative to ECT.
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3.3.2. Cole-Cole plot
To investigate the charge recombination process, the author performed
impedance spectroscopy to obtain the recombination lifetime τ and carrier density N for
the PHJ device. Cole-Cole plots were measured under various light intensities from 10
to 400 mW cm−2 with DC voltages equal to VOC applying to the device, and the results
are shown in Fig. 3.3.4(a). The observed capacitive semicircles are fitted using simple
parallel RC elements as the active layer and a direct R as the contact resistance (Fig.
3.3.4(a), bottom) [17,18]. The fitting results are consistent with the experimental data.
The recombination lifetime τ was calculated from the RC constant, and its light intensity
dependence is shown in Fig. 3.3.4(b). The lifetime τ reduced from 27 to 1.4 µs as the
intensity increased from 10 to 400 mW cm−2 because the probability of charge
recombination increased with an increase in the light intensity. The carrier density that
was calculated from the charge Q, which was given by the product of C and applied DC
voltage, was divided by the active layer volume (Fig. 3.3.4(b)). The carrier density N
increased with an increase in the light intensity owing to the increase in the number of
photo-generated charge carriers.
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Fig. 3.3.4. (a) Cole–Cole plots for the H2Pc/C60 OSC at various light intensities with DC voltages
equal to VOC applied to the device. The equivalent circuits used to fit the measured data are shown
below the plots, and the fitting curves are plotted as broken lines. (b) Dependence of recombination
lifetime and carrier density on light intensity determined by the Cole–Cole plot fitting results.
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Next, the author confirms the validity of the τ and N values estimated by
impedance spectroscopy by reproducing VOC. By rearranging the diode equation, VOC
can be expressed in terms of the balance between the current generated by the light
irradiation (Jph) and the reverse saturation current, namely the recombination current in
the dark (Jrec0), as follows:
𝑒𝑒OC = 𝑛𝑛𝑛ln �

𝐽ph
�.
𝐽rec0

Thus, the value of VOC can be reproduced by estimating Jrec0. The recombination
current under light irradiation can be expressed as follows:
𝐽rec = 𝑒𝑒𝑘𝑟𝑟𝑟 𝑁 2 ,

where d is the thickness of the active layer and krec is the recombination rate constant.
Previous studies have reported the following:
𝑘𝑟𝑟𝑟 =

1
(1 + 𝜆)𝑁𝑁

where λ is the reaction order [19–21]. The order λ was calculated from the power-law
relationship between τ and N (τ = τ0N−λ, where τ0 is the pre-factor), as shown in Fig.
3.3.5(a). This leads to the following equation for Jrec:
𝐽rec = 𝑒𝑒

1 𝑁
.
(1 + 𝜆) 𝜏

Fig. 3.3.5(b) plots the estimated Jrec values as a function of VOC, and Jrec0 can be
extracted from the value of Jrec at VOC = 0 as it is the recombination current in the dark
[19,22]. The author calculated VOC values for a variety of light intensities using the
estimated Jrec0, the measured n value, and JSC for Jph. These calculated values were
consistent with the observations (Fig. 3.3.5(c)), thus demonstrating that the τ and N
values estimated by impedance spectroscopy were reasonable.
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Fig. 3.3.5. (a) Recombination lifetime as a function of carrier density. (b) Recombination current
density as a function of open-circuit voltage. (c) Calculated open-circuit voltage as a function of
observed open-circuit voltage for various light intensities (10–400 mW cm−2).
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3.3.3. Temperature dependence of recombination order
To further investigate the process of charge recombination in the PHJ device, the
author evaluated the temperature dependence of the recombination lifetime by
impedance spectroscopy. Fig. 3.3.6(a) plots the recombination lifetime as a function of
charge carrier density under various temperatures from 278 to 316 K. The power-law
dependence of τ on N, i.e., the charge recombination reaction order, was 3.77 at room
temperature (297 K). Previous studies have found that the recombination order of OSCs
where only bimolecular recombination takes place is 2. However, when trap-assisted
recombination is contained, the reaction order increases [14]. Such super-second-order
kinetics can be explained by a reduction in the recombination rate caused by charges
being trapped at tail states in an active layer. The λ over 2 is corresponding to the result
of light intensity dependence of VOC that shows the presence of trap-assisted
recombination. The order decreased from 5.35 to 3.05 as the temperature increased
(Fig. 3.3.6(b)), which can be explained by the behavior of the trapped charges. At low
temperatures, trap-assisted recombination dominated the charge recombination process,
but the trapped carriers were released from the trap states to become free charges at a
high temperature. Thus, the charge recombination process was increasingly dominated
by bimolecular recombination as the temperature increased, thus leading to the
recombination order to approach 2. These results indicate that trapped charges play a
key role in charge recombination and that the trap states are sufficiently shallow for the
trapped charges to be released by thermal energy.
In the PHJ device used in the current study, charge recombination occurs only
at the D/A interface; therefore, the trap states are due to the broad distributions of the
tail state in either the H2Pc or C60 layers near the D/A interface. The observed VOC
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values are sensitive to the energetic structure near the D/A interface; thus, reducing the
number of nearby trap states is essential for increasing VOC. The author believes that the
traps can be filled by impurity doping or a highly crystalline D/A interface can lead to a
decreased number of trap states, thus resulting in a low n value; this allows the VOC loss
to be reduced, i.e., VOC to be increased.
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3.4. Conclusions
In this chapter, the author quantified the VOC loss as 0.87 V and the ideal factor
(n) as 1.57 by the temperature and light intensity dependence of the VOC in an H2Pc/C60
PHJ device. Since n was greater than unity, the presence of the trap-assisted
recombination caused the additional VOC loss. Furthermore, the charge recombination
order decreased from 5.35 to 3.05 as the temperature increased, thus suggesting that the
trapped charges were being released and becoming free charges. This indicates that trap
states play a key role in charge recombination and the VOC loss. Therefore, the author
proposes that decreasing the number of trap states will lead to an increase in VOC.
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Chapter 4:
Controlling Open-Circuit Voltage in Organic Solar Cells by
Impurity Doping
“Controlling open-circuit voltage in organic solar cells by impurity doping” Naoto
Shintaku, Masahiro Hiramoto, Seiichiro Izawa, J. Phys. Chem. C, revising according to
reviewers’ comments.

Abstract
Impurity doping was applied to phthalocyanine (H2Pc)/fullerene (C60) planar
heterojunction solar cells. The open-circuit voltage (VOC) decreased to 0.36 V when a ptype dopant was added to the H2Pc layer, whereas the VOC increased to 0.52 V with an
n-type dopant. Energy-level mapping revealed that the origin of the VOC change was the
vacuum level shifts occurring near the donor/acceptor (D/A) interface because of the
Fermi-level alignment. The insertion of a thin doped H2Pc layer at the D/A interface
could avoid the deteriorative effect of n-type doping on charge transport in the bulk,
resulting in an increase of the VOC while maintaining short-circuit current density and
fill factor. The results demonstrated that the VOCs in organic solar cells are determined
not only by the selection of D and A materials but also by the energy-level shift near the
D/A interface that could be controlled by impurity doping.
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4.1. Introduction
Open-circuit voltage (VOC) is one of the most important parameters for
determining the power conversion efficiency (PCE) of organic solar cells (OSCs).[1,2]
The VOC in OSCs is primary related to the energy-level difference between the highest
occupied molecular orbital (HOMO) of an electron donor material and the lowest
unoccupied molecular orbital (LUMO) of an electron acceptor material.[3] Previous
reports have demonstrated that the eVOC (e: elementary charge) is empirically expressed
by the energy-level difference between the HOMO of the donor material and the LUMO
of the acceptor material (EDA), as measured by cyclic voltammetry minus 0.3 eV.[4]
However, the EDA in actual devices is sometimes changed because of the energy-level
alignment at the donor/acceptor (D/A) interface. After different layers are contacted,
charge transfer occurs between them to align the Fermi energy level (EF) and the
generated electrostatic field near the interface induces a vacuum-level (VL) shift.[5–7]
The generated charges are also trapped at the gap state in the bulk, inducing band
bending over a long range along the direction away from the interface.[8] The EF
alignment occurs at organic/organic interfaces as well as metal/organic interfaces. The
VOC in OSCs can be controlled if the energy-level shift near the D/A interface can be
manipulated.
Impurity doping is one potential approach to controlling the energy-level shift
near the D/A interface. The author have found that the EF of an organic layer can be
freely controlled by adding an appropriate dopant at an appropriate concentration.[9–11]
The EF of the films becomes deeper when a p-type dopant is added, whereas the EF
becomes shallower when an n-type dopant is added. Impurity doping has been
intensively studied in the field of bulk heterojunction (BHJ)-type OSCs.[12–14] Shang
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et al. have reported that the addition of a p-type dopant at a low concentration into
solution-processed BHJ-OSCs filled the deep traps in the active layer and led to
increases of approximately 0.3% and 0.02 V for the PCE and the VOC, respectively.[14]
However, the effect of impurity doping on the relationship between the energy-level
alignment and the VOC in OSCs has not been reported.
In the present study, impurity doping was applied to phthalocyanine
(H2Pc)/fullerene (C60) planar heterojunction (PHJ) devices. The PHJ devices provide an
advantage in investigating the effect of doping at the D/A interface because their flat
and distinct interface enables us to observe energy-level shifts there.[15] Fig. 4.3.1(a)
shows a schematic of the effects of impurity doping on the energy-level alignment. The
EF of the H2Pc layer was controlled by both the dopant species and the concentration.
After the doped H2Pc and C60 layers are contacted, EF alignment occurs, leading to a VL
shift near the D/A interface. p-Type and n-type doping induce an energy-level shift in
the directions of decreasing and increasing EDA, respectively. The author hypothesized
that the VOC could be controlled by this effect.
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4.2. Experimental
H2Pc (Dainippon Ink & Chemicals) and C60 (Frontier Carbon, Nano Purple TL)
were purified by single-crystal sublimation. MoO3 (Alfa Aesar, 99.9995%) and Cs2CO3
(Sigma-Aldrich, 99.995%) were used as the acceptor and donor dopants, respectively.
The OSC devices were fabricated on ITO-coated glass substrates (ITO thickness: 150
nm; sheet resistance: 10.3 Ω sq−1; Techno Print). The MoO3 hole-transporting layer (10
nm, 0.1 nm s−1), H2Pc donor layer (50 nm, 0.1 nm s−1), C60 acceptor layer (50 nm, 0.1
nm s−1), BCP electron-transport layer (15 nm, 0.1 nm s−1), and Al electrodes (75 nm, 0.4
nm s−1) were deposited via thermal evaporation under high vacuum (~10−5 Pa) in a
vacuum evaporation system (VTS-350M, ULVAC) housed in a glove box (DSO-1.5S
MS3-P, Miwa). The MoO3 and Cs2CO3 as the dopant were introduced by co-deposition
with H2Pc or C60. The devices were characterized in a vacuum container for optical
measurements (Epitech) without exposure to air.
The J–V characteristics of the devices were measured under simulated solar
illumination (AM 1.5, 100 mW cm−2) from a solar simulator based on a 300-W Xe lamp
(HAL-320, Asahi Spectra) using a source meter (R6243, Advantest). The light intensity
was calibrated with a standard silicon solar cell (CS-20, Asahi Spectra). The active area
of the devices was defined using a 0.04 cm2 photomask. The position of the EF was
determined using a Kelvin probe (Riken-Keiki, FAC-1) in a glove box .
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4.3. Results and discussion
4.3.1. Device performance of the doped H2Pc/C60 device
The PHJ devices with a doped H2Pc layer were fabricated by thermal
evaporation under high vacuum. The structure of these devices was indium tin oxide
(ITO)/MoO3/doped H2Pc/C60/Bathocuproine (BCP)/Al (Fig. 4.3.1(b)). MoO3 and
Cs2CO3 were used as the p-type and n-type dopants, respectively.[9] The dopants were
introduced into the H2Pc layer via a co-deposition technique, and the dopant
concentration relative to the H2Pc volume was controlled by the ratio between the
deposition rate of the dopant and that of the H2Pc. The energy levels of the H2Pc, C60,
MoO3, and Cs2CO3 are summarized in Fig. 4.3.1(c). The work function (WF) of the 50
nm H2Pc films on ITO was 4.20 eV in the nondoped film, became deeper (4.56 eV) in
the film doped with 2,000 ppm MoO3, and became shallower (3.52 eV) in the film
doped with 2,000 ppm Cs2CO3.
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Fig. 4.3.1. (a) Schematic of EF alignment at the D/A interface when the H2Pc layer is doped with ptype and n-type dopants. (b) Schematic of the OSC device with a doped H2Pc layer. (c) Chemical
structures and energy levels of H2Pc and C60. The dashed lines indicate the WF of nondoped (black),
200-ppm MoO3 doped (green), 2,000-ppm MoO3 doped (blue), 200-ppm Cs2CO3 doped (orange),
and 2,000-ppm Cs2CO3 doped (red) H2Pc layers (50 nm) on ITO substrates.
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The J–V curves of the devices are shown in Fig. 4.3.2(a), and the device
performances are summarized in Table 1. The PCE and VOC of the nondoped device are
1.0% and 0.47 V, respectively; these values are very similar to those reported
previously.[16] In the case of the PHJ devices with MoO3-doped H2Pc, the VOC
gradually decreased from 0.43 to 0.40 and 0.36 V for devices with dopant
concentrations of 200, 2,000, and 20,000 ppm, respectively. These devices show similar
fill factor (FF) values (~59%), indicating that charge recombination processes were not
affected by the impurity doping. Therefore, the decrease in VOC with increasing MoO3
dopant concentration is attributed to the change in the WF of the H2Pc layer. In the case
of the PHJ devices with Cs2CO3-doped H2Pc, the VOC increased from 0.47 V in the
nondoped film to 0.51 and 0.52 V in films with dopant concentrations of 200 and 2,000
ppm, respectively. In contrast to the MoO3 case, the JSC and the FF steeply decreased
with increasing Cs2CO3 concentration. The forward current in the dark condition
decreased with increasing Cs2CO3 concentration, indicating that Cs2CO3 doping
decreased the hole conductivity in the H2Pc layer. Cs2CO3 doping caused a decrease of
either the hole concentration or the hole mobility in the H2Pc layer. Nevertheless, the
VOC change upon Cs2CO3 doping resulted in the opposite trend as the MoO3 case;
therefore, the author concluded that the WF decrease in the H2Pc film by Cs2CO3 doping
was responsible for the VOC increase. The WF difference in the H2Pc film induced by
impurity doping resulted in VOC values ranging from 0.36 V at an MoO3 concentration
of 20,000 ppm to 0.52 V at a Cs2CO3 concentration of 2,000 ppm (Fig. 4.3.2(b)). The
large VOC change of 0.16 V in total suggested that energy levels near the D/A interface
were greatly shifted by the impurity doping.
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Fig. 4.3.2. (a) The J–V curves of non-doped H2Pc/C60 devices (black) and the doped H2Pc/C60
devices with MoO3 concentrations of 200 ppm (green), 2,000 ppm (blue) and 20,000 ppm (purple)
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Table 1. Summary of the performances of the doped H2Pc/C60 devices with different concentrations
of MoO3 and Cs2CO3. Averaged values are reported.

Dopant
Concentration
ppm

MoO3
/

Nondoped Cs2CO3

20,000

2,000

200

0

200

2,000

JSC / mA cm−2

1.91

3.05

3.30

3.68

3.37

0.53

VOC / V

0.355

0.399

0.432

0.466

0.509

0.519

FF / %

58.6

59.1

59.6

58.8

53.8

25.5

PCE / %

0.40

0.72

0.85

1.01

0.92

0.07
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4.3.2. Energy level mapping
To estimate the energy-level shift near the D/A interface, the author carried out
energy-level mapping using the Kelvin probe method.[17,18] The WFs of C60 layers
with different thicknesses were measured on ITO/Al/BCP substrates. Subsequently, the
WFs of the H2Pc layer with and without the dopants were measured on C60 layers.
The results of the energy-level mapping are shown in Fig. 4.3.3(a), along with
the corresponding sample structure. The WF of the C60 films on ITO/Al/BCP gradually
increased from 3.12 eV at a film thickness of 0 nm to 4.18 eV at a film thickness of 50
nm. The WF of non-doped H2Pc films on C60 layers steeply increased from 4.18 eV at
the surface of the C60 film to 3.88 eV at a H2Pc film thickness of 10 nm and became
constant as the thickness was increased further. The negative shift originated from the
charge transfer induced by the EF difference between the H2Pc and C60 layers; this EF
difference formed a large electrostatic field near the D/A interface, which in turn led to
the VL shift. The WF of the film doped with 2,000 ppm MoO3 shifted in the positive
direction, showing a WF of 4.18 eV at the surface of the C60 film to 4.55 eV at a doped
H2Pc film thickness of 50 nm because the EF of the p-doped H2Pc became deeper than
that of the C60. By contrast, the WF of the H2Pc film doped with 2,000 ppm Cs2CO3
showed a large negative WF change from 4.18 eV at the surface of the C60 film to 3.54
eV at 50 nm. The large EF difference between the Cs2CO3-doped H2Pc layer and the C60
layer formed a large electrostatic field.
The energy diagrams based on the results of band mapping are shown in Fig.
4.3.3(b). The author assume that the positions of the HOMO and LUMO energy levels
relative to the vacuum level are constant irrespective of the presence of dopant.[19,20]
The VL shifted steeply within 10 nm near the D/A interface because of the charge
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transfer, and the direction of the shift varied depending on the dopant. MoO3 doping
induced an energy-level shift that decreased the EDA, whereas Cs2CO3 doping increased
the EDA. The direction of the EDA change corresponded to the VOC difference. However,
the eVOC difference of 0.16 eV is much smaller than the HOMO energy-level difference
of 0.87 eV between MoO3- and Cs2CO3-doped H2Pc films 10 nm from the D/A
interface. A recent report suggested that some portion of the generated charges formed
by EF alignment were transferred from the interface to the substrate; as a result, a weak
electrostatic field was applied over the entire range of the film instead of near the
interface.[21] The shift obtained by energy-level mapping might be overestimated.
Another noteworthy point is that the energy-level shift was almost completed less than
10 nm from the D/A interface. Therefore, the doping effect near the interface might
determine the device performance.
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Fig. 4.3.3. (a) WF of C60 films and H2Pc films without dopant (black) and with 2,000 ppm of MoO3
(green) and Cs2CO3 (red), as measured by the Kelvin probe method and plotted as a function of the
thickness. The C60 and H2Pc films were stacked on BCP/Al/ITO substrates; the corresponding
sample structure is described at the top of the figure. The value of 0 nm corresponds to the WF of the
surface of the BCP/Al/ITO substrate. The region corresponding to a thickness less than 10 nm is
highlighted. (b) Energy levels relative to the EF of C60 films and H2Pc films without dopant (black)
and with 2,000 ppm of MoO3 (green) and Cs2CO3 (red); these results are based on the results in Fig.
4.3.3(a). We assumed that the positions of the HOMO and the LUMO energy levels relative to the
vacuum level are constant irrespective of the presence of dopant.
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4.3.3. Device performance of the H2Pc/doped H2Pc/C60 device
To investigate the effect of impurity doping near the D/A interface, the author
fabricated trilayer devices with a structure of ITO/MoO3/H2Pc/doped H2Pc/C60/BCP/Al.
The H2Pc/doped H2Pc layers were stacked, with thicknesses of 45 nm/5 nm and 40
nm/10 nm. The thin doped H2Pc layer constituted the D/A interface of the trilayer
devices, and the nondoped H2Pc layer existed apart from the D/A interface.
The J–V curves of the trilayer devices with a 2,000-ppm MoO3-doped layer or a
2,000-ppm Cs2CO3-doped layer are shown in Fig. 4.3.4(a) and 4.3.4(b), respectively,
and the device performances are summarized in Table 2. The device with a 5 nm
MoO3-doped layer showed a VOC of 0.44 V, whereas the device with a 10 nm MoO3doped layer showed a decrease in the VOC to 0.41 V, which was approximately the same
value as the bilayer device with a 50 nm MoO3-doped layer (0.40 V). The FF and JSC of
the trilayer devices with 5 nm and 10 nm MoO3-doped layers were similar to those of
the bilayer device with a 50 nm MoO3-doped layer. Similar VOC trends were observed
for the devices with Cs2CO3-doped films. The device with a 5 nm Cs2CO3-doped layer
showed a VOC of 0.50 V, and the device with a 10 nm Cs2CO3-doped layer showed an
increased VOC of 0.52 V; these values are approximately the same as those of the bilayer
device with a 50 nm Cs2CO3-doped layer (0.52 V).
These results indicate that 10 nm-thick doped layers determined the magnitude
of the increase or decrease of the VOC, consistent the band-mapping results (Figs. 4.3.3
and 4.3.4(c)). Notably, the device with a thinner Cs2CO3-doped layer showed larger JSC
and FF values. These results indicate that the origin of the decrease of the JSC and FF in
the devices with a Cs2CO3-doped layer was deterioration of the hole transport in the
bulk and that this effect can be avoided by replacing the doped bulk layer with a

81

nondoped bulk layer. These results also indicate that doping only near the D/A interface
could result in an increase in the VOC while maintaining the JSC and FF values.
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Fig. 4.3.4. Schematic of the structure of trilayer devices and the J–V curves of the devices with (a) 0
nm (black), 5 (green), 10 (blue), and 50 (purple) nm of 2,000-ppm MoO3-doped H2Pc layer and (b) 0
nm (black), 5 (yellow), 10 (pink), and 50 (red) nm of 2,000-ppm Cs2CO3-doped H2Pc layer under
AM-1.5 irradiation (100 mW cm−2, solid lines) or in the dark (dashed lines). (c) VOC of trilayer
devices as a function of the thickness of the doped layers. The region corresponding to a thickness
less than 10 nm is highlighted.
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Table 2. Summary of the performances of the trilayer devices with different thicknesses of MoO3and Cs2CO3-doped H2Pc layers. The table shows averaged values.

Dopant

MoO3

Cs2CO3

Thickness (nm) 5

10

50

5

10

50

JSC (mA cm−2)

3.64

2.53

3.03

2.99

1.86

1.36

VOC (V)

0.444

0.411

0.400

0.504

0.521

0.518

FF (%)

59.1

58.8

58.9

42.9

31.3

25.2

PCE (%)

0.96

0.61

0.71

0.65

0.30

0.19
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4.4. Conclusions
In summary, the author demonstrated that impurity doping strongly affects the
VOC in PHJ devices. The addition of a p-type dopant in the donor layer decreased the
VOC, whereas the addition of an n-type dopant increased it. The wide range of VOC
change was explained by the large energy-level shift within 10 nm of the D/A interface
as a result of EF alignment between the donor and acceptor layers. The results
demonstrated that the VOC in organic solar cells are determined not only by the choice of
the donor and acceptor materials but also by the energy-level shift near the D/A
interface. The results also showed that the shift and the VOC could be controlled through
impurity doping. The next challenge is to control the energy-level shift near the D/A
interface and the VOC in BHJ devices via impurity doping. Such control could be
realized through selectively introducing the dopant into the donor or acceptor phases in
the blend films
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Chapter 5:
General Conclusion
5.1. Summary of this thesis
This thesis can be summarized as follows.

1) The hole and electron ranges in the co-deposited films were estimated to be 0.34 and
9.4 µm, respectively, by impedance spectroscopy. The charge carrier ranges are far
greater than the typical thickness of organic photovoltaic cells, indicating that, in
the absence of charge carrier recombination, electrons and holes photogenerated in
H2Pc:C60 co-deposited films can be collected by their respective electrodes.

2) The reductions in VOC due to bimolecular and the trap-assisted recombination in the
H2Pc/C60 devices were estimated to be 0.55 and 0.32 V, respectively.

The

temperature dependence of the reaction order revealed that charge trapped at
localized states was the main cause of the fast recombination. If the number of
localized states could be decreased, H2Pc/C60 devices have the potential for larger
VOC.

3) The value of VOC can be controlled by impurity doping. The energy band structure
near the donor/acceptor interface has a major effect on the value of VOC. n-type
doping increased VOC to 0.52 V in H2Pc/C60 devices due to the increase in EDA
resulting from the vacuum level shift.
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5.2. Future prospects
The author believes that the results in this thesis will lead to the following
prospects

1) The hole and electron ranges in other active layer will be estimated. Furthermore,
the range of the charge carriers will be a figure-of-merit for charge transport in
organic semiconductor films.

2) Controlling VOC by impurity doping will be applied to co-deposited films. Increased
VOC and high JSC will lead to enhancements of the PCE.
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