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Chapter 1:
General introduction

1.1. Background
A huge amount of energy is consumed in Japan. However, without atomic
energy, the ratio of energy produced in Japan to all the primary energy (energy from
fossil fuels) consumed in Japan, that is, the energy self-sufficiency ratio, is only 4.4%.
This value is much lower than the energy self-sufficiency ratios of major industrial
countries such as Germany (28.9%), China (90.1%) and the USA (67.9%), etc.1)
Moreover, in the aftermath of the Tohoku earthquake and tsunami on 11th March
2011, the energy supply plans in Japan were reviewed. All the nuclear power plants in
Japan were shut down after the disaster at the Fukushima Daiichi Nuclear Power Plant
and a drastic increase in the import of energy from fossil fuels ensued, leading to many
problems, such as a decrease in the energy self-sufficiency ratio from 19.5% to 4.4%, an
increased cost in generating power, and an increase in greenhouse gas emissions. Thus,
the practical application of renewable energy has become more essential than ever.
Renewable energy is energy derived from utilizing natural phenomena, which
can be used repeatedly. Typical examples are solar energy, wind energy, and geothermal
energy, etc.

This renewable energy can contribute to improving our energy

self-sufficiency ratio, reduce the ratio of thermal power generation, and reduce CO2
emissions.
The next-generation of solar cells have been recognized as being organic solar
cells. Because of their high efficiencies of more than 10%, organic solar cells are now
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ready for commercialization.2-3)

The advantages of organic solar cells for

commercialization can be summarized as follows.1)
(1) low-cost, (2) flexibility, (3) light weight, (4) roll-to-roll production, (5) printable, (6)
high efficiency under low-intensity light, and (7) transparent and colorful designs.
In this thesis, the author describes fundamental research carried out into
small-molecule organic solar cells. The author developed a new-type of organic solar cell
based on a concept used in inorganic solar cells.

2

1.2. Overview of this thesis
In inorganic solar cells, pn-homojunctions in single inorganic semiconductors
have often been utilized. In this thesis, organic solar cells based on this concept used in
inorganic semiconductors are proposed. The author developed pn-homojunction organic
solar cells, that is, pn-homojunctions formed in single uniform films of organic
semiconductor by impurity doping.
Previously, various impurity-doping techniques for organic semiconductors
have been performed. However, the doping of organic semiconductors has mainly been
in the concentration range of the order of a few %.

In this thesis, the author attempted

impurity doping at the ppm-level. Moreover, by doping at this level, the author was able
to fabricate pn-homojunction organic solar cells that operated with essentially the same
mechanism as pn-homojunction inorganic solar cells.
The main original points of this thesis are as follows.
(1) p-type C60 was formed by doping.
(2) pn-homojunctions were formed in single fullerene (C60) films.
(3) Ohmic contacts were formed at metal/organic junctions by heavy doping.
(4) The doping technique was applied to the photocurrent generation layer.
(5) Organic solar cells with inorganic-like pn-homojunctions were fabricated.
This thesis consists of eight chapters.
In Chapter 1, the principle of organic solar cells and the doping of organic
semiconductors are described.
In Chapter 2, the experimental equipment and procedures, including a glove box
with a built-in evaporation chamber, purification of the organic semiconductors, the
Kelvin probe measurements, the multi-component co-evaporation technique, the
3

ppm-level doping technique, and the photovoltaic measurements, are described.
In Chapter 3, pn-control in a C60 film is described. The author chose C60 as a test
material because most recent solar cells contain C60.4-20) Since C60 films behave like
n-type semiconductors, the author tried first of all to change the conduction type from nto p-type by doping. It was confirmed that molybdenum oxide (MoO3) behaved as an
acceptor. As far as the author knows, this is the first report on the formation of p-type C60.
Based on these results, general pn-control in other various organic semiconductors was
performed.19-25)
In Chapter 4, the formation of pn-homojunctions in single C60 films by doping is
described. The position of the junction was intentionally controlled by changing the
thicknesses of the MoO3 and Ca doped regions. This mechanism for the formation of
pn-homojunctions is based on the differences in EF caused by the controlled doping, and
offers a potential method for the design and creation of a built-in potential in organic solar
cells.
In Chapter 5, invertible H2Pc/C60 heterojunction cells with heavily doped
organic/metal contacts are described. This is an application of the doping technique
developed in Chapters 3 and 4. Ohmic contacts for metal electrodes were formed by
using heavily p+- or n+-doped organic semiconductor layers. This is a similar concept to
the formation of ohmic contacts in inorganic semiconductors.26-29) This heavy doping
technique was used to fabricate the cells in Chapter 7.
In Chapter 6, the fabrication of pn-homojunctions in co-deposited films
consisting of C60 and H2Pc is described.
In Chapter 7, the formation of pn-homojunctions in phase-separated
co-deposited films of an organic semiconductor is described. The carrier transport in the
4

film was improved by introducing a co-evaporant on to the heated substrate during film
growth to produce phase-separated co-deposited films (Chapter 1.5).

Since the

conductivity (σ) is the product of the mobility (μ) and the carrier concentration (n), i.e.,
σ = enμ [e; electron charge], the cell resistance (σ-1) can be reduced by increasing both n,
by means of doping, and μ, by means of introducing the co-evaporant. Thus, the author
attempted to combine doping with the introduction of a co-evaporant. This technique
permitted fabrication of very thick cells up to 0.5 μm thick with very long minority
carrier (electron) diffusion lengths of 250 nm. Previously, the doping technique has been
used only in the carrier transport layers of organic solar cells.26-27, 30) However, in this
study, the doping technique was applied directly to the photocurrent generation layer.
The concept of majority and minority carriers in organic solar cells is introduced for the
first time.

5

1.3. Impurity doping
1.3.1. Principle of pn-control in organic semiconductors by doping
Precise pn-control by impurity doping is vital for intentionally creating a built-in
potential in semiconductors (Fig. 1.3.1).31) For undoped semiconductors, the Fermi level
(EF) is located at the center of the bandgap. By doping with donor impurities, EF shifts in
the negative direction and arrives near the lower edge of the conduction band (n-type).
By doping with acceptor impurities, EF shifts in the positive direction and arrives near the
upper edge of the valence band (p-type). Thus, a potential difference is created between
then- and p-type semiconductors (Fig. 1.3.1). With the p- and n-type semiconductors in
contact with each other, a pn-homojunction is formed.32) This is the complete pn-control
technique and has long been established for inorganic semiconductors. However, for
organic semiconductors, there are only a few examples33-35) of complete pn-control and
the formation of pn-homojunctions.
Figure 1.3.2 shows the pn-control mechanism for organic semiconductors. In
the case of p-type doping, the energy level of the LUMO of an acceptor is lower than that
of the HOMO of the organic semiconductor. So, due to electron transfer, under dark
conditions, the acceptor molecule is negatively charged and the organic semiconductor is
positively charged. As a result, the organic semiconductor becomes p-type. In the case of
n-type doping, the energy level of the HOMO of the donor is higher than that of the
LUMO of the organic semiconductor. So, the donor molecule is positively charged and
the organic semiconductor is negatively charged. As a result, the organic semiconductor
becomes n-type. When a single organic semiconductor is used for both the n- and p-type
doping, one can regard that complete pn-control has been achieved.

6

Fig. 1.3.1 Concept of the formation of a built-in potential by impurity doping.

Fig. 1.3.2 pn-control for organic semiconductors.
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1.3.2. History of doping in organic semiconductors
The real nature of organic semiconductors has been hidden for a long time due to
uncontrolled impurities, typically oxygen from the ambient. Since oxygen acts as an
acceptor impurity, most organic semiconductors, such as phthalocyanines, show p-type
characteristics. Researchers believed that such p-type characteristics are an inherent
property of organic semiconductors.

However, Martin36) and Tada37) reported that

phthalocyanines showed n-type characteristics when an ultra-high vacuum was used to
completely eliminate oxygen during the film deposition process and the measurements.
These results suggest the possibility of pn-control for organic semiconductors by
intentional doping.
Figure 1.3.3 shows the dopants for organic semiconductors. Before 2000, the
dopants for impurity doping organic semiconductors were limited to just a few. For
acceptors, halogen vapors such as I2 and Br2 were used.38-39)

For example, a

pn-homojunction was formed by a controlled change in the conduction type from n- to
p-type by doping perylene pigment with Br2.40) For donors, alkali metals such as Na and
Ca have been used. However, these dopants are easily oxidized in air.
Recently, Tokito41) and Matsushima42) reported metal oxides such as
molybdenum oxide (MoO3) and vanadium oxide (V2O5) as hole injection layers for
organic electroluminescence (EL) devices. In the present work, the author attempted
using these oxides as acceptor dopants for organic solar cells. On the other hand, Yang
has reported carbonates of alkali metals such as cesium carbonate (Cs2CO3) for the
electron injection layers for organic EL devices.43-44) Ishiyama20, 22-23) used Cs2CO3 as a
donor dopant for organic solar cells. These dopants are relatively stable in air. On the
other hand, Leo45-46), Harada33,35), and Kahn34) reported organic dopants such as
8

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), Ru-complex, and
Co-complex, respectively.

Harada et al. fabricated pn-homojunctions in Zinc

phthalocyanine and pentacene films using these organic dopants.33)

Fig. 1.3.3 Acceptor (left) and donor (right) dopants for organic semiconductors.
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1.3.3. The philosophy of doping in organic semiconductors in this thesis
Previously, the doping of organic semiconductors has been performed in the
concentration range of the order of a few %. The author believes that a doping technique
with very low-concentrations of the order of ppm should be developed for the following
reasons.
(i) ppm-level doping is performed in the field of inorganic semiconductors.
(ii) In the case of doping of the order of a few %, side effects, such as decreases in carrier
mobility due to scattering by dopant molecules and decreases in carrier life-time due
to recombination with ionized dopants, are expected. These side effects easily
degrade the performance of solar cells.
(iii) When the doping is directly applied to the photocurrent generation layer, the side
effects due to doping need to be minimized in order to obtain a high conversion
efficiency. Thus, the ppm-doping technique is imperative.
Doping at the ppm-level is highly challenging. To realize ppm-level doping, the
author utilized the following techniques.
(1) Highly purified organic semiconductors.
For ppm-level doping, highly purified organic semiconductors should be used.
In this thesis, ‘seven-nines’ (7N; 99.99999%) purified organic semiconductors (fullerene:
C60, metal-free phthalocyanine: H2Pc) were used (Chapter 2.1).21)
(2) Highly precise control of the deposition rate of the dopants.
In this thesis, the author utilized a computer monitoring system linked with a
quartz crystal microbalance (QCM) and developed expertise in a ppm-doping technique
based on co-evaporation (Chapter 2.6).
(3) No exposure to air.
10

The cells fabricated during this study were prevented from exposure to air at any
time during both fabrication and measurement.

The position of EF in organic

semiconductor films is known to be very sensitive to oxygen.36-37, 47) Therefore, during
both fabrication and measurements, the cells were prevented from exposure to air by
using a glove box containing a built-in evaporation chamber and a Kelvin probe
(Chapter 2.2).
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1.3.4. Original points
Based on the philosophy mentioned in section 1.3.3., the author achieved the
following two breakthroughs with doping.
(1) Formation of p-type C60.
C60 is difficult to oxidize. Since the HOMO level of C60 is extremely deep (6.4
eV) (Fig. 1.3.4), previously, no one had succeeded in oxidizing C60 and forming p-type
C60. The author undertook this challenge. The author discovered that MoO3 had an
extremely deep work function (6.7 eV) (Fig. 1.3.4) if it had been prevented from
exposure to air. Since the work function of a film easily shifts in the negative direction
when exposed to air, air free conditions using a glove box with a built-in evaporation
chamber and a Kelvin probe were vital for this discovery. The author performed
experiments on doping C60 with MoO3 and observed a positive shift of the Fermi level in
the C60 film. This was the first breakthrough in this work. All the pn-homojunction
organic solar cells fabricated for the work described in this thesis were based on this
result.
(2) Organic solar cells with inorganic-like pn-homojunctions
Impurity doping of the photocurrent generation layer in an organic solar cell has
never previously been performed. The author attempted to directly dope the photocurrent
generation layer of an organic solar cell for the first time and thereby fabricate
pn-homojunction organic solar cells.

Majority and minority carriers were clearly

distinguished after doping. The author demonstrated that the pn-homojunction organic
solar cells presented in this thesis operate by essentially the same mechanism as
pn-homojunction inorganic solar cells.
Figure 1.3.5 shows a typical example of the energy band structure of an
12

inorganic pn-homojunction.48) By impurity doping, a pn-homojunction is formed in the
single inorganic semiconductor. In the p-layer, electrons and holes act as minority and
majority carriers, respectively. The photocarrier generation region consists of a depletion
layer (shaded red) and a minority carrier diffusion region of length L (shaded blue). Even
in the region without a built-in potential (blue region), photogenerated electrons can be
extracted to the n-type region due to the large minority carrier diffusion length (L). On
the other hand, the high concentration of holes means these can easily be extracted to the
opposite electrode.

A long minority carrier diffusion length is a key factor for

photocurrent generation.
In Chapter 7, the fabrication of an organic pn-homojunction with a similar
operating mechanism to that of an inorganic pn-homojunction is reported. This is the first
example of an organic solar cell with an inorganic-like pn-homojunction.

13

Fig. 1.3.4 Energy diagram of C60 (left) and work function of MoO3 (right).

Fig. 1.3.5 Energy band structure of inorganic pn-homojunctionsolar cell.
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1.3.5. Combination of doping and phase-separation
The minority carrier diffusion length (L) is expressed by the equation (Eq. 1.1).
μkT
L=
τ
e

/

(

. . )

Here, μ and τ are the mobility and lifetime of the minority carriers, respectively. So, in
order to fabricate organic solar cells with inorganic-like pn-homojunctions, the minority
carrier diffusion length (L) needs to be increased by increasing the mobility of the
minority carriers. For this purpose, a phase-separation technique for co-deposited films
was employed.
The ideal nanostructure for this purpose is a vertical superlattice structure in
which both photocarrier generation and carrier transport can be efficiently performed
(Fig. 1.3.7(b)).49) Recently, Kaji et al.9) developed a method in which a liquid acting as a
co-evaporant was introduced during the vacuum deposition process (Fig. 1.3.6). Here,
polydimethylsiloxane (PDMS) was used as the co-evaporant. Phase-separation and
crystallization of the co-deposited film are promoted by the co-evaporant molecule
(PDMS) which collides with the organic semiconductor molecules on or close to the
substrate. The co-evaporant molecules evaporate from the heated substrate and do not
remain in the film.

A cross sectional SEM image of a phase-separated C60:H2Pc

co-deposited film is shown in Fig. 1.3.7(a).
Inorganic-like pn-homojunction organic solar cells were fabricated by
combining doping and phase-separation. As shown in Fig 1.3.8, electrons (e-) generated
by doping the C60:H2Pc co-deposited film with donors are expected to be collected by and
transported in the conduction band of the C60. On the other hand, holes (h+) generated by
doping the C60:H2Pc co-deposited film with acceptors are expected to be collected by and
transported in the valence band of the H2Pc. The spatially separated transport of electrons
15

and holes increases their mobility.

Since there is a built-in potential due to the

pn-homojunction in the C60:H2Pc film, the e- and h+ photocarriers are expected to move in
opposite directions (Fig. 1.3.8, center). This result is described in Chapter 7.

Fig.

1.3.6

Three-component

co-evaporation

for

the

fabrication

of

phase-separated co-deposited films. The co-evaporant molecule
(PDMS) induces phase-separation of the co-deposited layers.
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Fig. 1.3.7 (a) Cross sectional SEM image of a phase-separated C60:H2Pc
co-deposited film (500 nm) on an ITO glass substrate which was
mechanically cut using a diamond glass cutter. (b) An ideal
nanostructure comprising a vertical superlattice structure of C60
(brown regions) and H2Pc (blue regions).

Fig. 1.3.8 Combination of doping and phase-separation. A pn-homojunction is
formed in the phase-separated co-deposited film.
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1.4. Basic principle of organic solar cells
1.4.1. Donor/acceptor sensitization
Donor/acceptor sensitization is essential for organic solar cells in order to obtain
a significant amount of photocurrent.5, 19, 22-23, 50) The photocarrier generation process in
organic semiconductors is strongly affected by their small relative permittivity (ε). ε is
contained in the denominator of the equation of Coulomb's law (Eq. 1.2). Therefore, the
smaller ε is, the greater the attractive force between the negative and positive charges.
F=

1 q q
4πεε r

(

. . )

Here, ε0, q, and r are the permittivity under vacuum, the elementary charge, and the
distance between the two charges, respectively.
Since ε is usually large for inorganic semiconductors, excitons, i.e., bound pairs
of positive and negative charges, with large orbital radii are photogenerated. For example,
in the case of Si (ε = 11.9), the orbital radius is 4.5 nm (Fig. 1.4.1(a)).21)

This

Wannier-type exciton can dissociate into free carriers easily by the thermal energy at
room temperature and, as a result, a photocurrent is easily generated.
On the other hand, since ε is usually small for organic semiconductors (ε = 4),
excitons with small orbital radii of about 0.25 nm are photogenerated (Fig. 1.4.1(b)).51-52)
Since Frenkel-type excitons cannot dissociate to free carriers easily due to the thermal
energy at room temperature, a photocurrent is not readily generated (Fig. 1.4.2(a)).53-54)
To overcome this problem, a layered or blended film consisting of two different
organic semiconductors where the highest occupied molecular orbital (HOMO) is shifted
parallel to the lowest unoccupied molecular orbital (LUMO) is needed (Fig. 1.4.2(b),
right). In this case, charge transfer (CT) occurs after photoexcitation and a CT exciton,
i.e., positive and negative charges separated on neighboring molecules, is formed. CT
18

excitons can easily dissociate to free carriers (Fig. 1.4.2(b), left). Thus, a photocurrent
with a significant magnitude can be generated.

(a)

Inorganic semiconductor
ε≒11.9 (Si)

(b) Organic semiconductor
ε≒4 (C60)

1 nm

-

+-

-

Radius of
exciton : 0.25 nm

+

Radius of
exciton : 4.5 nm

Dissociation hardly occurs

Dissociate easily into free carriers

Fig. 1.4.1 (a) Wannier exciton in inorganic semiconductor, (b) Frenkel exciton in
organic semiconductor.
(a)
molecule

LUMO

+

-

free carrier
e- and h+

photo
-excitation

relaxation

HOMO

Frenkel exciton

Molecule A

Molecule B

+

-

free carrier
e- and h+

Chage transfer (CT)
exciton

Electron energy / eV

(b)

LUMO

3.0
LUMO

4.0
5.0

hν
HOMO

6.0
7.0

HOMO

Fig. 1.4.2 (a) Free carriers are rarely generated due to the relaxation of Frenkel
excitons. (b) Free carriers are easily generated from a charge transfer
(CT) exciton.
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1.4.2. pn-heterojunction and pin-heterojunction
Donor/acceptor sensitization occurs at the pn-heterojunction in a two layer cell
(Fig 1.4.3(a)).32) Unfortunately, since the distance excitons can move is only a few nm,
only those within about 10 nm of the heterojunction can generate free carriers by reaching
the donor/acceptor junction (pn-heterojunction).48, 55) Thus, thick pn-heterojunction cells
have dead-layers which can absorb light, but in which photocurrent cannot be generated.
Furthermore, 10 nm thick cells cannot absorb all the solar light, so, in order to utilize all
the solar light, a different approach is needed.
To overcome this problem, the pin-heterojunction has been introduced (Fig.
1.4.3).56-58) An i-layer is a co-deposited layer of a donor/acceptor organic semiconductor.
Thus, the whole layer becomes active for photocurrent generation because donor and
acceptor molecular sites exist throughout the film. If a sufficiently thick co-deposited
i-layer could be used, it would absorb all the solar light. The co-deposited layer in this
pin-heterojunction cell can be regarded as a blended-junction, or so-called bulk
heterojunction. This concept is essential for fabricating the latest types of organic solar
cells.5-14, 16-17, 27, 50)

20

Donor/acceptor
heterojunction

(a)

+

-

h+ e-

hν
+-

(b)

photocurrent
generation layer
(≒10 nm)

p-type
layer

dead layer
n-type
layer

+ eh
hν

+

-

h+ ehν

+photocurrent generation layer
(whole co-deposited i-layer)
Fig. 1.4.3 (a) pn-heterojunction cell. Photocurrent is generated only within about
10 nm of the heterojunction. (b) pin-heterojunction cell. Photocurrent
is generated in the whole co-deposited i-layer.
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1.5. Aims of this thesis
The main aims of this thesis are as follows.

(1) Establishment of complete pn-control for a typical organic semiconductor (C60).
The author attempted the complete pn-control in fullerene (C60) because most
recent organic solar cells contain C60. Since its HOMO level is extremely deep, C60 is
difficult to oxidize. Therefore, the author undertook the challenge of finding an acceptor
dopant that could extract electrons from C60. After discovering a suitable candidate, the
author performed ppm-doping using this dopant and attempted fabricating
pn-homojunctions in C60 films.

(2) Demonstration of organic solar cells with inorganic-like pn-homojunctions.
Previously, in organic solar cells, impurity doping of a photocurrent generation
layer has never been performed. The author attempted to directly dope the photocurrent
generation layer of an organic solar cell for the first time and to fabricate
pn-homojunction organic solar cells with ppm-level doping. The author’s expectations
were that inorganic-like thick organic solar cells could be fabricated by the formation of
an inorganic-like pn-homojunction.
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Chapter 2:
Experiments

2.1. Purification of materials
Highly purified organic semiconductors were used for ppm-level doping. The
C60 (Frontier Carbon, nanom purple TL) single crystal sample was formed by sublimation
in apparatus with a N2 flow at a pressure of 1 atm (Fig. 2.1).1) The apparatus had three
temperature zones; high, middle, and low zones set at temperatures of 745oC, 580oC, and
310oC, respectively. C60 powder was placed in the high temperature zone and purified
crystals were formed in the middle temperature zone. Fig. 2.2(a) shows the purified C60
crystals which range in size from 1 to 2 mm. The purity of the crystals was determined to
be in the ‘seven-nines’ range (7N; 99.99999%) by secondary ion mass spectroscopy.2-4)
The H2Pc (Dainippon Ink and Chemicals, Inc., Fastogen Blue EP-101) sample
was purified in a N2 flow at a pressure of 0.1 atm in order to avoid decomposition. The
temperatures of the high, middle, and low zones were 480oC, 290oC, and 270oC,
respectively. H2Pc powder was placed in the high temperature zone and purified crystals
were formed in the middle temperature zone. Fig. 2.2(b) shows the purified H2Pc
crystals which are needle shaped and about 10 mm long. The purity of the H2Pc crystals
was also determined to be in the ‘seven-nines’ range (7N; 99.99999%) by Hall effect
measurements.5)
MoO3 (Alfa Aeser, 99.9995%), V2O5 (SIGMA-ALDRICH, 99.99%), Ca (Nilaco,
99.5%), and Cs2CO3 (SIGMA-ALDRICH, 99.995%) were used as dopants without
further purification.
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Fig. 2.1 Photograph of apparatus used for sublimation of single crystal material.

Fig. 2.2 Purified crystals of (a) C60 and (b) H2Pc.
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2.2. Glove box with built-in evaporation chamber
The electrical properties of organic semiconductors are strongly influenced by
oxygen and water adsorbed from the atmosphere. For example, measurements of the
Fermi level (EF) in an organic film using a Kelvin probe are very sensitive to adsorbed
oxygen, so reproducible results cannot be obtained in air. Therefore, in this study, a glove
box (Miwa, DBO-1.5) containing a built-in evaporation chamber (ULVAC,
VTS-350M/ERH) and a Kelvin probe was used (Fig. 2.3). The glove box was purged by
N2 gas, in which the concentrations of H2O and O2 were kept below 0.5 and 0.1 ppm,
respectively. For the photovoltaic measurements the cells were prevented from being
exposed to air by placing them in a sample container with a quartz window inside the
glove box (Fig. 2.10). Thus, at any time during both fabrication and measurement the
cells were prevented from exposure to air.

Fig. 2.3 Glove box with built-in evaporation chamber. Kelvin probe is also set in
the glove box.
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2.3. Kelvin probe measurements
The Fermi levels (EF) of doped and undoped organic semiconductor films with
thicknesses of 100 or 200 nm were measured using the Kelvin vibrating capacitor
apparatus (Riken-Keiki, FAC-1) inside the glove box and prevented from exposure to air
(Fig. 2.4).6-8)

Fig. 2.5 shows a schematic diagram illustrating the Kelvin probe

measurement method. A capacitor (C) is formed between the vibrating Au plate and the
sample film on an indium tin oxide (ITO) substrate. The charge (Q) induced by the
electrodes which have a contact potential difference of ΦAu-ΦS is expressed by the
following equation (Eq. 2.1).
Q = C(ΦAu-ΦS)

(2.1)

Here, ΦAu and ΦS represent the work functions of the Au and the sample film,
respectively.
On the application of a voltage (VEX), Q becomes (Eq. 2.2).
Q = C(ΦAu-ΦS-VEX)

(2.2)

Here, a current (ΔQ = dQ/dt) is generated due to the vibration of the Au plate (Eq. 2.3).
ΔQ = ΔC(ΦAu-ΦS-VEX)

(2.3)

Thus, ΦS can be determined from the value of VEX required to make ΔQ=0 and the value
of ΦAu (5.1 eV) measured by atmospheric X-ray photoelectron spectroscopy (Eq. 2.4).9)
ΦS = ΦAu-VEX(ΔQ = 0)

(2.4)
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Fig. 2.4 Photograph of Kelvin vibrating capacitor apparatus.
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Fig. 2.5 Schematic diagram of Kelvin vibrating capacitor method.
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2.4. Energy band mapping of doped junctions
The band-bending in the depletion layer formed at the junction was mapped to
measure the thickness dependence of the work function using the Kelvin probe.10) Figure
2.6 shows the concept of energy mapping using the Kelvin probe. As an example, the
energy band diagram of the Schottky junction between an ITO substrate and a p-type film
is shown. First the Fermi levels (EF) of the ITO and the p-type semiconductor are aligned
(broken line), causing the energy bands to bend. The vacuum level (EV) shown by the
dotted curve bends following the conduction and valence bands. Thus, the work function
measured by the Kelvin probe (double-headed red arrows) increases with increasing film
thickness. As a result, the band-bending of a doped film can be mapped by repeated film
depositions and measurements of the work function. This method can also be applied to a
pn-homojunction in an organic film (see Chapter 7).

ITO

p-type doped film
vacuum level : EV
work function = EV － EF
CB(measured by kelvin probe)

0 eV

Fermi level : EF

4.7 eV

VB

ITO
5 nm

20 nm

50 nm

ITO

ITO

ITO

Fig. 2.6 Energy mapping concept using a Kelvin probe. An example of a Schottky
junction between ITO and a p-type doped semiconductor film is shown.
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2.5. Multi-component co-evaporation
Doping was performed by multi-component co-evaporation techniques (Fig.
2.7). Fig. 2.7(a) shows the two-component co-evaporation technique which was used in
making the samples described in Chapters 3, 4, and 5. In these cases, single organic
semiconductor films were doped, either with the acceptor dopant, MoO3, or with the
donor dopants, Ca or Cs2CO3. The doping concentrations were from 3300 to 50000 ppm
in volume.
Fig. 2.7(b) shows the three-component co-evaporation technique, which was
used for making the samples presented in Chapter 6. Co-deposited films of C60 and H2Pc
were doped. V2O5 and Cs2CO3 were used as the acceptor and donor dopants, respectively,
and the doping concentrations were between 1000 ppm and 500 ppm in volume.
Fig. 2.7(c), (d) show the four-component co-evaporation technique used to
make the samples described in Chapter 7.

Co-deposited films (C60:H2Pc),

phase-separated by the introduction of a co-evaporant molecule, were doped with V2O5
and Cs2CO3 with doping concentrations between 1000 ppm and 500 ppm in volume.
Polydimethylsiloxane (PDMS41, CH3[(CH3)2SiO]nSi(CH3)3) (Shin-Etsu Silicones,
KF96-50cs, 100%) was used for the co-evaporant (Chapters 1.3.5. and 7).11)
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Fig. 2.7 Multi-component co-evaporation. (a) Two-component co-evaporation,
(b)

three-component

co-evaporation.

co-evaporation,

and

(c)

four-component

(d) Photograph of four-component co-evaporation

setup in the vacuum chamber.

Four quartz crystal microbalances

(QCMs) which can independently monitor four different materials from
four different sources were used.
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2.6. ppm-level doping technique
In order to perform doping at the ppm-level, a computer monitoring system
(ULVAC, CRTM-6000G/Depoview) linked with a quartz crystal microbalance (QCM)
was used. Fig. 2.8 shows the typical monitored thickness-time dependence. The cyclic
fluctuations are due to temperature fluctuations in the QCM cooling water caused by the
on/off switching of the chiller. A reproducible increase in the baseline (red line) was
observed. In this case, a deposition rate of 1.8 x 10-6 nm s-1 was obtained from the slope
of the baseline. On the other hand, the deposition rate of the host organic semiconductor
(C60:H2Pc) was 0.2 nm s-1. Therefore, a doping concentration of 9 ppm in volume can be
obtained (1.8 x 10-6 / 0.2 = 9 x 10-6).
A lot of knowledge and expertise is required to perform ppm-doping. Without
the computer monitoring system, controlling the doping concentration to the ppm-level is
impossible due to the cyclic fluctuations shown in Fig. 2.8. In the case of 9 ppm doping
(Fig 2.8), it usually took from about 2 to 6 hours to adjust the extremely slow dopant
deposition rate of 1.8 x 10-6 nm s-1.

The doping for co-deposited films and

phase-separated co-deposited films was performed by three-component and
four-component co-evaporation. Therefore, simultaneous control of the deposition rates
of two different host organic semiconductors, the dopant, and the co-evaporant was
needed. The ppm-doping technique combined with multi-component co-evaporation has
never been performed before.
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Fig. 2.8 Typical thickness-time relationship shown on the PC monitor.
example of 9 ppm-doping with MoO3 is shown.
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An

2.7. Substrate heating
Fig. 2.9 shows a photograph of the apparatus used to heat the substrate (EpiTech,
custom-made). In the case of four-component co-evaporation using the co-evaporant
(PDMS41) (Chapter 1.3.5 and 7), the substrate temperature during deposition was
raised to 70oC in order to fabricate the phase-separated and crystallized co-deposited
films and re-evaporate the co-evaporant. ppm-doping on to a heated substrate has never
been performed before.

Fig. 2.9 Photograph of apparatus for substrate heating.
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2.8. Measurements of the photovoltaic properties
2.8.1. Current-voltage (J-V) characteristics
The photovoltaic properties were also measured without exposure to air by
setting the cells into a sample container with a quartz glass window (EpiTech,
custom-made) (Fig. 2.10) inside the glove box. The area of the light incident on the cells
was precisely limited to 0.04 cm2 by using a metal mask with 2 mm x 2 mm apertures (Fig.
2.11). A turbo-molecular pump was used to maintain a pressure of 10-5 Pa during the
measurements. The current-voltage (J-V) characteristics were measured by irradiating
the cells with a simulated solar light source (USHIO INC., MS-110AAA) (AM1.5, 100
mWcm-2) (Fig. 2.12). The light intensity was checked before every measurement using a
standard silicon cell.
Figure 2.13 shows typical J-V characteristics. The J-V curves, both in the dark
and under irradiation, were obtained by measuring the current while sweeping the voltage.
For the J-V characteristics under irradiation, the short-circuit photocurrent density (Jsc)
and the open-circuit voltage (Voc) correspond to the values of J at V = 0V and V at J = 0
mAcm-2, respectively. The fill factor (FF) is determined as the ratio of the maximum
output power (Pout = JMAX VMAX, red-shaded square, Fig. 2.13) to the product of Jsc and
Voc (square shown by black broken lines, Fig. 2.13) (Eq. 2.5).
FF =

P
J ∙V

=

J

∙V
J ∙V

( . )

The power conversion efficiency (η) is expressed in terms of Jsc, Voc, and FF (Eq. 2.6).
=

P
P

=

J ∙ V ∙ FF
P

( . )

Here, Pin is the incident solar light intensity. Since the power output (Pout) of solar cells is
expressed by the product of VOC, JSC and FF, larger VOC and larger JSC mean higher
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conversion efficiency (η). The maximum FF value of 1.0 corresponds to the rectangular
J-V characteristic in the first quadrant shown by the broken line (Fig. 2.13). So, the
conversion efficiency (η) becomes larger as the J-V curve of the photocurrent (red curve,
Fig. 2.13) approaches a rectangular shape (broken line, Fig. 2.13), i.e., FF approaches
1.0.

Fig. 2.10 Sample container with a quartz glass window for photovoltaic
measurements under vacuum.
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Fig. 2.11 Photograph of a cell and the metal mask with apertures used to restrict
the area of irradiation.

Fig. 2.12 (a) J-V characteristics measurement. (b) Measured J-V curves on PC
monitor.

40

Current density (J) / mA cm-2

Jsc
JMAX

0

VMAX

0

Voc

Voltage (V) / V
Fig. 2.13 Typical J-V characteristics in the dark (blue curve) and under light
irradiation (red curve).
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2.8.2. Action spectra
The action spectra of the short-circuit photocurrent density were measured by
irradiating with monochromatic light from a Xe-lamp passed through a monochromator
(Shimadzu, SPG-3ST) (Fig. 2.14).

The external quantum efficiency (EQE) was

determined by the ratio of the number of carriers collected under the short-circuit
condition to the number of photons irradiating the cell, measured using a silicon
photodiode (Hamamatsu Photonics, S1337-66BQ).

Typical action spectra, i.e., the

spectral dependence of the EQE of the short-circuit photocurrent, are shown in Fig.
2.15(c) and (d). The maximum EQE value of 100% means that 100 photons are
converted to 100 electrons in the cell.

Fig. 2.14 System for action spectra measurements.

42

2.8.3. Masking effect
The location of the region where photocurrent is generated with respect to the
electrode irradiated with light can be determined based on the shape of the action spectra.
If the action spectrum appears in a wavelength region with a large absorption
coefficient in the cell (Fig. 2.15(c)), the photocurrent is generated close to the electrode
being irradiated (Fig. 2.15(a), blue shade). On the other hand, when the action spectrum
appears around the edge of the absorption spectrum of the cell (Fig. 2.15(d)), the
photocurrent is not generated close to the electrode, but on the side of the cell away from
the electrode (Fig. 2.15(b), red shade). In this case, there is a dead region close to the
irradiated electrode acting as a mask which absorbs incident light and does not generate
photocurrent. The photocurrent is generated by light penetrating deep into the cell. This
is the so-called “masking effect”. This proves that the photocurrent is generated in a
region located on the opposite side of the cell with respect to the irradiated electrode.
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Fig. 2.15 Relationships between the location of the region in which photocurrent
is generated and the shape of the action spectra. (a) Photocurrent is
generated close to the irradiated electrode.

(b) Photocurrent is

generated on the opposite side of the cell with respect to the irradiated
electrode. (c) Observed action spectrum under the condition shown in
(a). (d) Observed action spectrum under the condition shown in (b).
The black curves show the absorption spectra of the cells.
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Chapter 3:
Conduction-type control of fullerene films from n - to p -type
by molybdenum oxide doping
“Conduction-type control of fullerene films from n- to p-type by molybdenum oxide
doping”, Masayuki Kubo, Kai Iketaki, Toshihiko Kaji, and Masahiro Hiramoto, Appl.
Phys. Lett., 98, 073311 (2011).

Abstract
Conduction type control of fullerene (C60) films from n- to p-type by doping with
molybdenum oxide (MoO3) was demonstrated. The energetic value of the Fermi level,
4.60 eV, for non-doped C60 films measured by the Kelvin vibrating capacitor method was
positively shifted to 5.88 eV, and approached the valence band by the coevaporated
doping of MoO3 at a concentration of 3300 ppm. The existence of upward band bending
of the Schottky junction formed at the interface between a metal and a p-type C60 film
formed by MoO3 doping was confirmed based on its photovoltaic properties.
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3.1. Introduction
Organic solar cells consisting of vacuum-deposited small-molecular thin films
have been intensively studied.1-4) In 1991, we proposed p-i-n organic solar cells in which
the i-interlayer was a co-deposited film composed of p- (donor) and n-type (acceptor)
organic semiconductors.5,6) We have observed a short-circuit photocurrent density and an
efficiency of 20 mAcm-2 and 5.3%, respectively,7,8) for a single 1 μm-thick p-i-n solar cell
under irradiation with visible light.
As in the case of inorganic solar cells, precise conduction-type control, i.e.,
pn-control, is indispensable in order to fabricate efficient cells consisting of pn and pin
junctions.9) From the standpoint mentioned above, we believe that precise pn-control
technology should also be developed to make efficient organic photovoltaic cells. So far,
we

have

reported

the

doping

effects

of

organic

semiconductors10,11)

and

pn-homojunctions made from single organic semiconductors such as perylene pigment.12)
In this study, we adopt fullerene (C60) as a test material because most of the recent
photovoltaic cells contain C60. Since C60 films behave like n-type semiconductors, we
tried to change the conduction type from n- to p-type by doping with a strong acceptor.
We chose molybdenum oxide (MoO3) as a candidate acceptor, since this has been used to
form the hole-injection layer for devices that exhibit organic electroluminescence.13)
In this chapter, we report control of the conduction type of C60 from n- to p-type
by the application of MoO3 doping.

47

3.2. Experiments
A C60 (Frontier Carbon, nanom purple TL) sample was purified by
single-crystal formed sublimation under 1 atm N2 flow14) The C60 sample was held at
745˚C and single crystals of around 1 mm in size were grown at 580˚C. The purity of the
C60 crystal was determined by secondary ion mass spectroscopy to seven-nines accuracy
(7N; 99.99999%).7,8)

MoO3 (Alfa Aeser, 99.9995%) was used without further

purification.
All of the films were deposited by vacuum evaporation onto ITO glass
substrates under 10-5 Pa pressure using an oil–free vacuum evaporator (ULVAC,
VTS-350M/ERH). MoO3 doping was performed by co-evaporation with the C60. The
evaporation rates were 0.2 and 0.0007 nm s-1 for C60 and MoO3, respectively, in the case
where the doping concentration was 3300 ppm. The Fermi levels (EF) of C60 films of 100
nm in thickness were measured by using a Kelvin vibrating capacitor apparatus
(Riken-Keiki, FAC-1), in which a capacitor is formed between a vibrating Au plate and
the C60 film on the indium tin oxide (ITO) glass substrate.
Both the evaporation chamber and the Kelvin probe were built in to a glove-box
(Miwa, DBO-1.5) purged by N2 gas. The concentrations of H2O and O2 were kept below
0.5 and 0.2 ppm, respectively. Thus, during the film deposition and EF measurements, the
C60 films were not exposed to air at any time.
The photovoltaic properties were also measured without exposure to air by
setting the cells into a sample container with a quartz glass window inside the glove-box.
The container was then evacuated to 10-5 Pa, and the current-voltage (J-V) characteristics
and action spectra were measured by irradiating with simulated solar light (AM1.5, 100
mWcm-2) and with monochromatic light from a Xe-lamp through a monochromator,
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respectively.

3.3. Results and discussion
3.3.1. Energy diagram of MoO3-doped C60
Figure 3.1 shows the energy diagram of the C60 and MoO3 films. The MoO3
showed a remarkably-positive value of EF at 6.69 eV, which is more positive than the
upper-edge of the valence band of C60, 6.4 eV, as determined by X-ray photoelectron
spectroscopy.15) The value of EF for non-doped C60 is located at 4.6 eV, near the lower
edge of the conduction band, suggesting that this film is n-type in nature. When MoO3
was doped at a concentration of 36000 ppm (3.6%), the value of EF shifted toward the
positive direction and reached 5.85 eV. Even for a reduced concentration of 3300 ppm, a
slightly positive shift in EF position to 5.88 eV, which is close to the upper edge of the
valence band (6.4 eV), was maintained. A MoO3 concentration of several thousand ppm
is sufficient to cause the large observed positive shifts. These results strongly suggest that
MoO3-doped C60 is p-type.
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Fig. 3.1 Energy diagram of a C60 film. The broken lines show the energetic
positions of EF for non-doped, 36000 and 3300 ppm MoO3-doped C60
films. EF of a MoO3 film (100 nm) is also shown. The energetic values of
the upper edge of the valence band and the lower edge of the conduction
band of a C60 film are determined by photoelectron spectroscopy and
inverse photoelectron spectroscopy, respectively.
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3.3.2. MoO3-doping mechanism
To investigate the kinds of interactions that occur between C60 and MoO3, the
absorption spectra of co-deposited C60:MoO3 and double-layered C60 /MoO3 films were
measured (Fig. 3.2). Since a single film of MoO3 is transparent, and a film of C60 only
gives weak absorption from 400 to 500 nm in the visible region, the absorption spectrum
of a double-layered MoO3/C60 film is similar to that of a C60 film (curve B). Interestingly,
a new strong absorption from 500 to 1800 nm appeared for co-deposited MoO3:C60 film
(curve A) and the film color changed to black. This new absorption band can be
attributed to charge transfer (CT) absorption between C60 and MoO3. Based on the
energy diagram (Fig. 3.1), it is reasonable that MoO3 extracts electrons from the valence
band of C60. Therefore, we concluded that a CT complex, i.e., C60+---MoO3 – is formed.
Here, the negative charge of the MoO3 – group can be regarded as a spatially fixed ion, i.e.,
an ionized acceptor. On the other hand, the positive charge on C60+ can be liberated from
the negative charge of the MoO3– by the application of heat energy at room temperature
and can migrate into the C60 film, namely, it can act as a free hole in the valence band of
C60. This increase in the hole concentration causes the large positive shift of EF that is
observed (Fig. 3.1). This is a similar process to the formation of free holes in p-type
silicon.
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Fig. 3.2 Absorption spectra of a co-deposited C60:MoO3 film with a ratio of 1:1
(400 nm:400 nm) (curve A) and a double-layered C60 (100 nm)/MoO3
(100 nm) film (curve B) on a quartz substrate.
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3.3.3. MoO3-doped Schottky-junction cell
The above results strongly suggest the formation of p-type C60 by MoO3 doping.
If this is the case, then the photovoltaic properties of the C60 film should also be changed
from n- to p-type. From this point of view, we fabricated cells from both non-doped and
MoO3-doped C60 films sandwiched between ITO/MoO3 and bathocuproine (BCP)/Ag
electrodes (Fig. 3.3(a)). As shown in Fig. 3.3(b), both the non-doped cell (broken
curves) and the MoO3-doped cell (solid curves) showed the photovoltages indicating that
ITO/MoO3 is positive and BCP/Ag is negative. However, the side from which the light
irradiation was applied, causing photocurrents of significant magnitude, suggested the
opposite. Namely, in the case of the non-doped cell, a large short-circuit photocurrent
density (Jsc) of 4.0 x 10-1 mAcm-2 was observed when the ITO was irradiated (hν(a))(Fig.
3(b), broken curve) and a very small Jsc of 5.6 x 10-3 mAcm-2 was observed when the Ag
was irradiated (hν(b))(not shown). Conversely, in the case of the MoO3-doped cell, a
large Jsc of 2.2 x 10-1 mAcm-2 was observed when the Ag was irradiated (hν(b))(Fig.
3.3(b), solid curves) and a very small Jsc of 9.0 x 10-3 mAcm-2 was observed when the ITO
was irradiaed (hν(a))(not shown). These results strongly suggest that the active zone for
photocurrent generation is located close to the MoO3/C60 interface for the non-doped cell
and close to Ag/C60 interface for the MoO3-doped cell.
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Fig. 3.3 (a) Cell structure using non-doped and MoO3-doped C60 films. The
thickness of the C60 films is 1 μm. The doping concentration of the C60 is
6210 ppm.

(b) Current-voltage characteristics for a non-doped cell

under light irradiation onto ITO (hν(a) in Fig. 3.3(a)) (broken curves) and
for a MoO3-doped cell under light irradiation onto Ag (hν(b) in Fig. 3.3(a))
(solid curves). The positive voltage direction corresponds to a positive
photovoltage for the ITO electrode.
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To prove this, the action spectra were measured. For the non-doped cell (Fig.
3.4(a)) under irradiation onto the ITO (hν(a), red curve), the action spectrum appeared in
the same region as the C60 absorption (black curve). On the contrary, under irradiation
onto the Ag (hν(b), green curve), the action spectrum showed a peak around the edge of
the absorption spectrum (black curve). This is the so-called “masking effect” and proves
that the photoactive junction is located at the MoO3/C60 interface. Judging from the
positive photovoltage of the MoO3 and the photoactive junction at the MoO3/C60 interface,
the non-doped C60 film behaves as n-type and a downwardly-bent Schottky junction is
formed at the MoO3/n-type C60 interface (Fig. 3.5(a)).
For the MoO3-doped cell (Fig. 3.4(b)) under the irradiation onto the ITO (hν(a),
red curve), the action spectrum showed a peak around the edge of the absorption (black
curve), i.e., a strong masking effect was observed. Conversely, under irradiation onto the
Ag (hν(b), green curve), the action spectrum agrees well with the absorption spectrum
(black curve). Obviously, in this instance the photoactive interface was located at the
opposite side to that in the non-doped cell, i.e., at the C60/Ag interface. Judging from the
negative photovoltage of the Ag electrode and the photoactive junction at the C60/Ag
interface, the C60 film behaves as p-type and an upwardly-bent Schottky junction is
formed at the p-type C60/Ag interface (Fig. 3.5(b)).16) Thus, the formation of p-type C60
by MoO3 doping was confirmed by photovoltaic observations.
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Fig. 3.4 Action spectra of Jsc for non-doped cell (a) and for a MoO3-doped cell
(b). The red and green curves correspond to light irradiation onto the
ITO electrode (hν(a)) and onto the Ag electrode (hν(b)), respectively.
The black curves show the absorption spectrum of the C60 film (150
nm).
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Fig. 3.5 Energetic structures of non-doped (a) and MoO3-doped (b) C60 cells.
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3.4. Conclusion
In this chapter, control of the conduction-type of C60 from n- to p-type was
accomplished. As far as we know, this is the first report on the formation of p-type C60.
We are now trying to fabricate a pn-homojunction consisting of a single C60 film.
pn-control of C60 films would become an indispensable technique for increasing the
conversion efficiency of organic solar cells consisting of pn and pin junctions due to its
potential for increasing the built-in potential and decreasing the cell resistance.
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Schottky contacts are expected to form at MoO3/p-C60 and p-C60/Ag and interfaces,
respectively. This energetic expectation is consistent with the observed results.

60

Chapter 4:
pn-homojunction formation in single fullerene films
“pn-homojunction formation in single fullerene films”, Masayuki Kubo, Toshihiko Kaji,
and Masahiro Hiramoto, AIP Adv., 1, 032177 (2011).

Abstract
A pn-homojunction was fabricated in a single fullerene (C60) film containing
MoO3- and Ca-doped regions. The clear observation of masking effects under light
irradiation to both sides of the electrode confirmed the existence of a pn-homojunction in
the bulk cell. The position of the pn-homojunction was intentionally controlled by
changing the thickness of the MoO3/Ca doped regions. The present technique offers an
effective method of designing suitable energetic structures for efficient organic solar
cells.
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4.1. Introduction
Organic solar cells consisting of vacuum-deposited small-molecular thin films
have been intensively studied.1-6) Fullerene (C60), which is used in most existing organic
solar cells, is a key material. By using highly-purified ‘seven-nines’ (7N, 99.99999%)
C60, 1 μm-thick organic solar cells that exhibit short-circuit photocurrent densities and
efficiencies of 20 mAcm-2 and 5.3%, respectively can be fabricated.7,8)
The ability to achieve pn-control in highly-purified semiconductors by adding
small amounts of dopants is potentially important for organic solar cells. As in the case of
inorganic solar cells, energetic structures including pn and pin homojunctions in single
semiconductors (which create a built-in potential) have been intentionally designed,
based on the technique of pn-control by doping.9) However, there have been few
examples of pn-homojunctions in single organic semiconductors so far,10,11) though it is
an elementary step to create a built-in potential. Recently, we found a way of creating
p-type C60 films by MoO3 doping.12) Conversely, it is plausible that low work-function
metals such as Ca could act as n-type dopants in C60 films. Based on these considerations,
we tried to create pn-homojunctions in single C60 films.
In this chapter, we demonstrate the fabrication of pn-homojunctions in single
C60 films based on a doping technique.
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4.2. Experiments
A C60 (Frontier Carbon, nanom purple TL) sample was purified by
single-crystal-formed sublimation under 1 atm of flowing N2.13) The purity of the C60
crystals was determined to be in the ‘seven-nines’ range (7N; 99.99999%) by secondary
ion mass spectroscopy. 7,8) MoO3 (Alfa Aeser, 99.9995%) and Ca (Nilaco, 99.5%) were
used as dopants to act as acceptors and donors, respectively.
The cell structures are shown in Fig. 4.1. The C60 films were deposited on ITO
glass substrates coated with 10 nm-thick MoO3 under 10-5 Pa using an oil–free vacuum
evaporator (ULVAC, VTS-350M/ERH). Bathocuproine (BCP: 15 nm)/Ag (30 nm) was
deposited as a semi-transparent counter electrode. Doping with MoO3 and Ca was
performed by carrying out co-evaporation. The volume concentration was maintained at
around 5000 ppm for both dopants.14) Three types of cells with different combinations of
thickness for the MoO3- and Ca-doped layers, i.e., 250/750 nm (a), 500/500 nm (b), and
750/250 nm (c), were fabricated. The total thickness of C60 was maintained at 1 μm for
all of these cells.
The vacuum chamber that was used had a built-in glove-box (Miwa, DBO-1.5)
purged by N2 gas, in which the concentrations of H2O and O2 were kept below 0.5 and 0.2
ppm, respectively. Fabrication of the cells and measurements of the current-voltage (J-V)
characteristics and the action spectra were performed successively without exposure to
air by setting the cells in a sample container incorporating a quartz-glass window in the
glove-box. During the measurements, the container was evacuated to 10-5 Pa. The Fermi
levels (EF) of various C60 films (thickness: 100 nm) doped with MoO3 and Ca were
measured without exposure to air by using a Kelvin probe (Riken-Keiki, FAC-1), which
was set in the same glove-box.
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Fig. 4.1 Three structures of pn-homojunction C60 cells.

The thickness

combinations of the MoO3- and Ca-doped layers are 250/750 nm (a),
500/500 nm (b), and 750/250 nm (c).

The concentration was kept

around 5000 ppm for both dopants. hν(ITO) and hν(Ag) denote light
irradiation onto ITO and onto Ag electrodes, respectively. The locations
of the homojunctions are indicated by the red arrows.

64

4.3. Results and discussion
4.3.1. Photovoltaic properties of pn-homojunction C60 cells
Figure 4.2 shows the J-V characteristics for the three cells shown in Fig. 4.1.
All of the cells showed a photovoltage which indicated that ITO/MoO3 is positive and
that BCP/Ag is negative.

Under irradiation onto the ITO electrodes (Fig. 4.2(a),

hν(ITO)), short-circuit photocurrent densities (Jsc) decreased in the order of 1.13×10-1
(curve A), 3.39×10-2 (curve B), and 1.78×10-2 mAcm-2 (curve C) with increasing distance
of the junctions from the ITO electrode, in cell-order (a), (b), and (c) (see red arrows in
Fig. 4.1). Under light irradiation onto the Ag (Fig. 4.2(b), hν(Ag)), Jsc increased in the
order of 0.39×10-2 (curve A), 0.90×10-2 (curve B), and 2.17×10-2 mAcm-2 (curve C) with
decreasing distance of the junctions from the Ag electrode, again following cell-order (a),
(b), and (c). Obviously, the decreases and the increases in Jsc were inversely coincident
with the side from which the ITO and Ag were illuminated. In short, Jsc increased with
decreasing distance of the junctions from the illuminated electrodes. There is a clear
relationship between the location of the homojunction and the magnitude of the
photocurrent density.
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Fig. 4.2 Current-voltage (J-V) characteristics under irradiation onto the ITO
electrode (a)(hν(ITO)) and onto the Ag electrode (b)(hν(Ag)). Curves A,
B, and C are for cells (a), (b), and (c) in Fig. 4.1, respectively. Simulated
solar light (AM 1.5, 100 mWcm-2) is irradiated. The solid and broken
lines indicate the illuminated and the dark characteristics, respectively.
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In order to clarify the phenomenon in detail, action spectra were measured (Fig.
4.3).

Under irradiation onto the ITO electrode (Fig. 4.3(a), hν(ITO)) for the

homojunction located on the ITO side (curve A) (cell (a) in Fig. 4.1), the photcurrent
mainly appeared between 400 nm and 500 nm, which corresponds to the visible
absorption region of the C60 film (black curve). For the homojunction at the center of the
cell (curve B) (cell (b) in Fig. 4.1), the photcurrent decreased and shifted to longer
wavelength, and the main peak was located at the edge of the C60 absorption. Finally, for
the homojunction at the Ag side (curve C) (cell (c) in Fig. 4.1), the photcurrent shifted to
far longer wavelength than 500 nm, where there is little C60 absorption. The observed
systematic change in the shape of the action spectra with respect to the distance of the
homojunction from the light-irradiated electrode can be attributed to the so-called
“masking effect”. This means that photocarrier generation mainly occurs in the regions
adjacent to the MoO3/Ca-doped interface (active zone) and that, by retracting this
homojunction from the light-irradiated ITO surface, a ‘dead layer’ is gradually developed
in front of this active zone.
Under light irradiation onto the Ag electrode (Fig. 4.3(b), hν(Ag)), the
homojunction approaches the illuminated electrode, following the order; cell (a), cell (b),
and cell (c). In this case, completely the reverse trend was observed; namely, the
magnitude of the photocurrent increases and shifts towards shorter wavelengths in the
action spectra (curves A, B, and C). This means that the dead layer between the active
zone and the illuminated Ag electrode gradually disappeared.

Apparently, the

photoactive zone moves together with the homojunction.
If one focuses on cells that include a homojunction at the center of a C60 film
(cell (b) in Fig. 4.1), then, irrespective of the side from which it is illuminated on ITO
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(hν(ITO), Fig. 4.3(a), curve B) or on Ag (hν(Ag), Fig. 4.3(b), curve B), the action spectra
show significant peaks at the edge of the C60 absorption (black curve). The simultaneous
observation of masking effects for light irradiation from both sides confirms that the
photoactive zone is located at neither the MoO3/C60 or at the C60/Ag interfaces; namely, it
is located deep in the bulk of the cell.
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Fig. 4.3 Action spectra under irradiation onto the ITO electrode (a)(hν(ITO)) and
onto the Ag electrode (b)(hν(Ag)). Curves A, B, and C are for the cells
(a), (b), and (c) in Fig. 4.1, respectively. The black curve shows the
absorption spectrum of C60 film (150 nm).
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4.3.2. Energetic structure of pn-homojunction C60 cells
In order to illustrate the energetic structure of the homojunction, the values of
the Fermi levels (EF) of C60 films were measured using a Kelvin probe. Figure 4.4(a)
shows the energy diagrams of C60 films doped with MoO3 (3300 ppm) and Ca (4700 ppm).
The work functions of MoO3 (6.69 eV) and Ag (4.13 eV) are also shown. EF for
MoO3-doped C60 is located at 5.88 eV, which is close to the upper-edge of the valence
band (6.4 eV).15) We have already confirmed that the conduction type of a C60 film can be
controlled as p-type, based on the photovoltaic properties.12) On the contrary, EF for
Ca-doped C60 is located at 4.49 eV, which is close to the lower edge of the conduction
band (4.0 eV).15) We concluded that the conduction type of the C60 film in this case could
be controlled as n-type (see Ref. 16).
After contact, one can depict the energetic structure as shown in Fig. 4.4(b).
The MoO3- and the Ca-doped C60 films are p-type and n-type, respectively. Since there is
a significant difference in EF, a built-in potential can be created by contacting to the
MoO3- and Ca-doped C60 films. As a result, a pn-homojunction is formed. Based on the
energy relationship, Schottky barriers are not formed at MoO3/MoO3-doped C60 and
Ca-doped C60/Ag interfaces, (Fig. 4.4(a)). The observed direction of the photovoltage,
for which ITO/MoO3 is positive and BCP/Ag is negative, is consistent with the energy
structure of the pn-homojunction (Fig. 4.4(b)). Since the diffusion length of the exciton
in C60 has been reported to have the very small value of 1.5 nm,17) the carrier generation
zone formed on both sides of the pn-homojunction is expected to be dominated by the
strength of the electric field. Namely, photoactive zone overlaps the depletion layer of the
pn-homojunction. Since the width of the depletion layer seems to be considerably less
than the total cell thickness of 1 μm under the present doping concentration, a strong
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masking effect (Fig. 4.3) was observed.

Fig. 4.4 (a) Energy diagram of C60 films doped with MoO3 (3300 ppm) and Ca
(4700 ppm) before contact. The work functions of MoO3 and Ag are also
shown. The energetic values of the upper edge of the valence band and
the lower edge of the conduction band of the C60 film are determined by
photoelectron spectroscopy and inverse photoelectron spectroscopy,
respectively. (b) Energetic structures of pn-homojunction formed after
contact. The energetic relationships of EF, the conduction band (CB),
and the valence band (VB) are based on the measured values.
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4.4. Conclusion
In this chapter, we have demonstrated that pn-homojunctions can be fabricated
in single C60 films.

The mechanism for pn-homojunction formation is based on

differences in EF caused by controlled doping, and offers a potential method for the design
and creation of built-in potentials in organic solar cells. We are now trying to fabricate a
pin-homojunction within a single C60 film. The present technique would be a powerful
tool for realizing efficient organic solar cells.
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Chapter 5:
Invertible organic photovoltaic cells with heavily doped
organic/metal ohmic contacts
“Invertible Organic Photovoltaic Cells with Heavily Doped Organic/Metal Ohmic
Contacts”, Masayuki Kubo, Yusuke Shinmura, Norihiro Ishiyama, Toshihiko Kaji, and
Masahiro Hiramoto, Appl. Phys. Expres, 5, 092302 (2012).

Abstract
Heavily doped 10-nm-thick p+- and n+-type regions of metal-free
phthalocyanine and fullerene were formed to facilitate the formation of ohmic contacts at
the organic/metal interfaces of two-layered organic photovoltaic cells. Formation of the
ohmic contacts allowed the cells to be invertible and independent of the type of electrode
material used.
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5.1. Introduction
Controlling the pn properties is one of the key issues for small-molecular-type
organic photovoltaic cells1-5) since it can enable energetic structures similar to inorganic
ones to be designed.6,7) Recently, we have reported the complete pn control of fullerene
(C60)8,9) and metal-free phthalocyanine (H2Pc).10) In this study, we attempted to apply this
control to make the two organic/metal contacts on a photovoltaic cell ohmic. When the
region in the vicinity of a metal electrode is heavily doped, even if there is a Schottky
barrier, its width becomes extremely thin allowing charge carrier tunneling and, as a
result, an ohmic contact is expected to be formed similarly to that on heavily p+- or
n+-doped inorganic semiconductors.7,11,12) Moreover, an ohmic contact can be formed
regardless of which electrode material is used, since tunneling is less dependent on the
metal work function, enabling the cell structure to be inverted. This technique would
allow greater flexibility in the design of the cell structure. For example, inverted cells
based on the insertion of Cs2CO313) and ZnO14) at the ITO interface have been reported.
As a test case, we adopted two-layer cells consisting of C60 and H2Pc.15) The
electrode materials were indium tin oxide (ITO) and Ag. Molybdenum oxide (MoO3)8-10)
and cesium carbonate (Cs2CO3)10,13) were used for the acceptor and donor dopants,
respectively. Heavy doping on the order of 1-5 vol% was applied to the C60 and
H2Pc/metal interfaces.
In this chapter, we report on invertible H2Pc/C60 heterojunction cells with
heavily doped organic/metal contacts.

75

5.2. Experiments
Figure 5.1 shows the two types of cell. For the electrode materials, ITO, which
was not exposed to an oxygen plasma, and Ag were deposited on the organic films. Cells
without the heavy doping were also fabricated for comparison. C60 (Frontier Carbon,
nanom purple TL) and H2Pc (Dainippon Ink & Chemicals) purified by single-crystal
sublimation4,16) were used. MoO3 (Alfa Aeser, 99.9995%) of 50,000 ppm (5 vol%) and
Cs2CO3 (Aldrich, 99.995%) of 10,000 ppm (1 vol%) were used to heavily dope
10-nm-thick regions of the H2Pc and C60 adjacent to the electrodes, respectively, by
coevaporation at 10-5 Pa in an oil-free vacuum evaporator (EpiTech Inc., ET300-6E-HK).
The evaporator was installed in a glove box (Miwa, DBO-1.5) purged by N2 gas (H2O <
0.5 ppm, O2 < 0.5 ppm). The cells were protected from air at all times by setting them in
a sample container with a quartz glass window (EpiTech Inc.) inside the glove box. The
Fermi levels (EF) of H2Pc and C60 films were measured using a Kelvin vibrating capacitor
apparatus (Riken-Keiki, FAC-1) without exposure to air at any time.
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Fig. 5.1 Structures of invertible two-layered H2Pc/C60 cells with heavily doped
organic/metal interfaces. For the cells in (a) and (b), photogenerated
holes and electrons are extracted to ITO and Ag, and to Ag and ITO,
respectively. The total thicknesses of the H2Pc and C60 films are kept the
same.
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5.3. Results and discussion
5.3.1. Energy band diagrams of heavily doped films
Figure 5.2 shows energy band diagrams of the heavily MoO3-doped H2Pc and
heavily Cs2CO3-doped C60. In the former case, the value of EF is located at 4.92 eV,
which is very close to the upper edge of the valence band (5.1 eV).17) In the latter case,
the value of EF is located at 4.47 eV, which is near the lower edge of the conduction band
(4.0 eV).18) Under the assumption that the energy relationships do not change after
contact, the H2Pc/ITO junction for the cell in Fig. 5.1(a) has a Schottky barrier for hole
extraction, and both C60/ITO and H2Pc/Ag junctions for the cell in Fig. 5.1(b) have
Schottky barriers for electron and hole extraction, respectively. We expect that, under
heavy doping conditions, these barriers behave as tunneling contacts with an ohmic
character.
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Fig. 5.2 Energy diagram for 50,000 ppm MoO3-doped H2Pc and for 10,000 ppm
Cs2CO3-doped C60. The values of the work functions of ITO and Ag are
also shown. The energetic positions of the upper edge of the valence
band of H2Pc and the lower edge of the conduction band of C60 are
determined by photoelectron spectroscopy and inverse photoelectron
spectroscopy, respectively.
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5.3.2. Invertible two-layered H2Pc/C60 cells with heavily doped
organic/metal interface
Figure 5.3(a) shows the current-voltage (J-V) characteristics of the cell in Fig.
5.1(a) (red curves). The fill factor (FF) reaches a value of 0.59 and clear rectification
characteristics can be seen (red broken curve). Without heavily doped regions (blue
curves), however, FF is only 0.29 and the forward current is significantly suppressed. For
the inverted cell (Fig. 5.1(b)), without heavily doped regions (Fig. 5.3(b), blue curves),
photovoltaic and rectification behaviors are scarcely perceptible. However, with the
heavily doped regions (red curves), FF recovers, reaching a value of 0.49, and
rectification is clearly observed. Clearly, the photovoltaic properties of the cells with thin
heavily doped regions at the interfaces are independent of the type of electrode material
used. Another interesting feature is that the buffer layer, such as bathocuproine, often
inserted at C60/metal junctions (Fig. 5.1(a)) is no longer necessary. Thus, H2Pc/C60 cells
are invertible using this interfacial heavy-doping technique.
In order to confirm that the four organic/metal junctions on the cells in Fig. 5.1
are ohmic, we fabricated a hole only device with the structure ITO/MoO3
50,000-ppm-doped H2Pc (400 nm)/Ag and an electron only device with the structure
ITO/Cs2CO3 10,000-ppm-doped C60 (400 nm)/Ag. Both cells showed ohmic behavior
between – 5 and +5 V regardless of the direction of polarization, and the magnitude of the
current density at 5 V reached very large values of 2.5 and 7.3 Acm-2 for the hole only and
electron only devices, respectively. These results clearly show the formation of ohmic
contacts for electrons at heavily Cs2CO3-doped C60 junctions with Ag and ITO, and for
holes at heavily MoO3-doped H2Pc junctions with ITO and Ag.
Since electron extraction from C60 to the ITO electrode is crucial for the
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operation of the inverted cell (Figs. 5.1(b) and 5.3(b) (red curves)), we estimated the
interfacial energy band structure of ITO/10,000 ppm Cs2CO3-doped C60 from Kelvin
probe measurements.19,20) Figure 5.4(a) shows the dependence of the position of EF on
the thickness of Cs2CO3-doped C60 on ITO. The abrupt drop from 4.70 to 4.79 eV within
1 nm can be attributed to the formation of an interfacial dipole layer.20) From 1 to 5 nm, a
steep change in EF can be seen. Above 5 nm, EF becomes constant. Based on the
assumption that the Fermi level at the interface between the ITO and Cs2CO3-doped H2Pc
is continuous, the energetic structure in Fig. 5.4(b) is obtained. There is a distinct barrier
to electrons with a height of 0.34 eV from the conduction band of C60 to the ITO. This
barrier height was determined from the difference between the work function of the C60
film bulk (4.45 eV; film thickness > 5 nm) and that of the lowest (4.79 eV; film thickness
at 1 nm), i.e., 4.79 - 4.45 = 0.34 eV (see Fig. 5.4 (a)). However, since the band bends
down steeply within 5 nm of the interface, photogenerated electrons can tunnel through
this barrier (Fig. 5.4(b)). Thus, an ohmic contact is formed. In other words, heavily
doped C60 acts as an n+-type semiconductor and makes the n+-C60/ITO junction ohmic.
We believe that fundamentally similar tunneling junctions are also formed for the other
heavily doped contacts, i.e., p+-H2Pc/ITO and p+-H2Pc/Ag.
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Fig. 5.3 Current-voltage (J-V) characteristics of the cell in Fig. 5.1(a) (red curves)
and of the cell in Fig. 5.1(b) (red curves). The blue curves are for the cells
without heavily doped interfaces. The photocurrent and dark current are
shown by solid and broken curves, respectively. The ITO electrode was
irradiated with simulated solar light (AM1.5, 100 mWcm-2).

The

photovoltaic measurements were performed at 10-5 Pa.

Cell

performances: (a) Jsc: 3.38 mAcm-2, Voc: 0.46 V, FF: 0.59, Efficiency:
0.91%. (b) Jsc: 2.70 mAcm-2, Voc: 0.43 V, FF: 0.49, Efficiency: 0.57%.
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Fig. 5.4 (a) Dependence of the position of EF on the film thickness of Cs2CO3
(10,000 ppm)-doped C60 deposited on ITO. (b) Derived energy structure
for ITO/n+-C60 contact. A tunneling junction for photogenerated electrons
is formed.
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5.4. Conclusion
In this chapter, two-layered invertible organic photovoltaic cells can be
fabricated by making tunneling contacts with interfacial heavy doping. The present
technique can be used in the design of organic photovoltaic cells with improved
performance.
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Chapter 6:
Junction formation by doping in H2Pc:C60 co-deposited films
for solar cell application
"Junction Formation by Doping in H2Pc:C60 Co-Evaporated Films for Solar Cell
Application”, Masayuki Kubo, Yusuke Shinmura, Norihiro Ishiyama, Toshihiko Kaji,
and Masahiro Hiramoto, Mol.Cryst. Liq. Cryst. 581, 13 (2013).

Abstract
pn-control for the co-evaporated films were successfully accomplished. By
V2O5-doping or Cs2CO3-doping, Fermi levels (EF) of metal-free phthalocyanine:fullerene
(H2Pc:C60) co-evaporated films positively or negatively shifted, suggesting that whole
co-evaporated film behaved as p-type or n-type, respectively. A series of junction such as
Schottky junction and pn-homojunction were formed by doping in H2Pc:C60
co-evaporated films (1:1).
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6.1. Introduction
Controlling of pn properties is one of the key issues for small-molecular-type
organic photovoltaic cells1-9) since it enables intentional design energetic structures
similar to inorganic cells.10,11) Recently, we reported the complete pn-control of fullerene
(C60)12,13) and metal-free phthalocyanine (H2Pc).14) However, due to the absence of
photosensitization in the single organic semiconductors, little photocurrent is expectable.
In order to obtain practical magnitude of photocurrent, co-evaporated films should be
used. Therefore, as a next step, we tried to form the built-in potential by doping directly
in co-evaporated films.
In this chapter, we report the pn-control and a series of junction formation by
doping in H2Pc:C60 co-evaporated films.
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6.2. Experiments
C60 (Frontier Carbon, nanom purple TL) and H2Pc (Dainippon Ink and
Chemicals, INC., Fastogen Blue EP-101) samples were purified by single-crystal formed
sublimation. V2O5 (SIGMA-ALDRICH, 99.99%) and Cs2CO3 (SIGMA-ALDRICH,
99.995%) were used as dopants to act as acceptor and donor, respectively. They were
doped by the three-source co-evaporation with C60 and H2Pc. Precise monitoring of the
deposition rates of the V2O5 (2 x 10-4 nm s-1) and Cs2CO3 (1 x 10-4 nm s-1) were achieved
by using a quartz crystal monitors (QCMs; ULVAC, CRTM-6000G) equipped with a
computer monitoring system (ULVAC, Depoview), which allowed us to dope with V2O5
and Cs2CO3 to as low as 1000 and 500 ppm in volume concentrations. All of the films
were deposited by vacuum evaporation onto ITO glass substrates under 10-5 Pa pressure
using an oil–free vacuum evaporator (ULVAC, VTS-350M/ERH). The Fermi level (EF)
of 100 nm-thick H2Pc:C60 co-evaporated films were measured by Kelvin vibrating capacitor
apparatus (Riken-Keiki, FAC-1).15) Both the evaporation chamber and the Kelvin probe for

EF measurement of various co-evaporated films were built in to a glove-box (Miwa,
DBO-1.5) purged by N2 gas. Thus, the H2Pc:C60 co-evaporated films were not exposed to
air at any time. The photovoltaic properties were also measured without exposure to air
by setting the cells into a sample container with a quartz glass window inside the
glove-box. The container was then evacuated to 10-5 Pa, and the action spectra were
measured by irradiating with monochromatic light from a Xe-lamp through a
monochromator. The external quantum yield (EQE) values were calculated as the ratio of
the number of carriers collected under the short-circuit condition to the number of
photons irradiated to the cell, which was measured by silicon photodiode (Hamamatsu
Photonics, S1337-66BQ).
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6.3. Results and discussion
6.3.1. pn-control of co-deposited films
Figure 6.1 shows the energy diagrams for V2O5- or Cs2CO3-doped C60, H2Pc
single films and H2Pc:C60 co-evaporated film. In the case of C60 film, the EF shifted to
4.40 eV and located near the conductance band by Cs2CO3-doping acting as donor, and it
shifted to 5.87 eV and located near the valence band by V2O5-doping acting as acceptor.
In the case of H2Pc film, the EF negatively shifted to 3.76 eV by Cs2CO3-doping and
positively shifted to 4.80 eV by V2O5-doping. Obviously, they act as effective acceptor
and donor dopants in both C60 and H2Pc single films.
In the case of H2Pc:C60 co-evaporated films, the EF negatively shifted to 4.19 eV
and reached near the conductance band of C60 by Cs2CO3-doping, and the EF positively
shifted to 4.91 eV and reached near the valence band of H2Pc by V2O5-doping. This
result suggests that whole co-evaporated film changed to n-type and p-type, respectively.
It should be noted that the shift of Fermi levels of co-evaporated films occurs within the
overlap of band gap of H2Pc and C60 (Fig. 6.1, purple area), i. e., “band gap of
co-evaporated film”.
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Figure 6.1 Energy diagrams for H2Pc, C60 single films and H2Pc:C60
co-evaporated film. 1,000 ppm V2O5 and 500 ppm Cs2CO3 were
doped. Values of the work functions of V2O5 and Cs2CO3 are also
shown.
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6.3.2. Junction formation in co-deposited films
We fabricated p-type and n-type Schottky junctions and, pn-homojunction in
H2Pc:C60 co-evaporated films. The cell structures ((a), (b), (c)) and their action spectra
((d), (e), (f)) were shown in Fig. 6.2.
For the V2O5-doped cell, under the irradiation onto the ITO, the action spectrum
showed a peak around the edge of the absorption spectrum (Fig. 6.2 (b), hν(a)). This is
the so-called “masking effect” and proves that the photoactive junction is located at the
co-evaporated layer/Ag interface. Conversely, under irradiation onto the Ag, the action
spectrum appeared in the same region as the absorption of H2Pc:C60 co-evaporated film
(Fig. 6.2 (b), hν(b)). Judging from the negative photovoltage of the Ag electrode and the
photoactive junction at the co-evaporated layer/Ag interface, the H2Pc:C60 co-evaporated
film behaves as p-type and an upwardly-bent Schottky junction is formed at the p-type
H2Pc:C60/Ag interface (Fig. 6.3 (a)).

Thus, the formation of p-type H2Pc:C60

co-evaporated film by V2O5 doping was confirmed by photovoltaic observation.
On the other hand, in the case of the Cs2CO3-doped cell, the action spectra
measured by the illuminations from both sides show completely inverse characteristics to
the V2O5-doped cell (Fig. 6.2 (d), hν(a), (b)). Thus, we concluded that the opposite
mechanism takes place for V2O5-doped cell, i. e., the Cs2CO3-doped film behaves as
n-type and a downwardly-bent Schottky junction is formed at the MoO3/n-type
co-evaporated layer interface (Fig. 6.3 (b)). Thus, the formation of n-type H2Pc:C60
co-evaporated film by Cs2CO3 doping was confirmed by photovoltaic observation.
We fabricated the cell by connecting p-type and n-type H2Pc:C60 co-evaporated
films (Fig. 6.2 (e)). Irrespective of the irradiation sides, the action spectrum showed a
peak around the edge of the absorption spectrum, i.e., a strong masking effect was
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observed (Fig. 6.2 (f), hν(a), hν(b)). This means that the carrier generated neither at the
MoO3/H2Pc:C60 interface nor at the H2Pc:C60/Ag interface. Namely, the photoactive
junction is formed at the center of cell bulk. Thus, the formation of pn-homojunction in
H2Pc:C60 co-evaporated film by doping was confirmed (Fig. 6.3 (c)).
The band bending in energy diagrams in Figs. 6.3(a)-6.3(c) can be mapped in
real scale based on the Kelvin probe measurements10,16,17) and the widths of depletion
regions for p-type (Fig. 6.3(a)), n-type (Fig. 6.3(b)) Schottky junctions, and
pn-homojunction (Fig. 6.3(c)) to 64 nm, 107 nm, and 80 nm, respectively. Since these
widths of depletion regions acting as photoactive areas were significantly thinner
compared to the total cell thickness (400 nm), EQE spectra in Figs. 6.2(a)-6.2(c) were
observed.
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Figure 6.2 Cell structures ((a)(c)(e)) incorporating doped H2Pc:C60 co-evaporated
films and their action spectra ((b)(d)(f)). The black curves show the
absorption of co-evaporated film. The volume concentrations for V2O5
and Cs2CO3 are 1000 and 500 ppm, respectively. Photoactive areas
(red shaded parts) are indicated in the cell structures.
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Figure 6.3 The energetic structures of cells in Fig. 6.2. Scales of energy and
length are indicated by double-head arrows.

(a) p-type Schottky

junction. (b) n-type Schottky junction. (c) pn-homojunction.
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6.4. Conclusion
We succeeded in pn-control and junction formations by doping in H2Pc:C60
co-evaporated films.

Thus, the built-in potential in co-evaporated films can be

intentionally formed by using doping technique. In this work, since we used only
molecular level mixtures H2Pc and C60, the magnitude of photocurrent was not large.
However, we have reported the increase of photocurrent due to the phase separation by
using the co-evaporant molecules.18) We are now trying to combine the present doping
technique forming built-in potential and phase separation technique by co-evaporant
molecules.
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Chapter 7:
pn-homojunction organic solar cells formed in
phase-separated co-deposited films
“pn-homojunction organic solar cells formed in phase-separated co-deposited films”,
Masayuki Kubo, Toshihiko Kaji, and Masahiro Hiramoto, Appl. Phys. Lett., 103, 263303
(2013).

Abstract
Simultaneous control of the doping and phase-separation in organic
co-deposited films consisting of metal-free phthalocyanine and fullerene was performed.
The doping was used to form pn-homojunctions in the phase-separated co-deposited
films.

The diffusion length of the minority carriers reached 0.3 μm allowing the

fabrication of very thick cells up to 0.5 μm thick. It was shown that suppression of the
interfacial recombination processes is crucial for obtaining cells with high performance.
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7.1. Introduction
As is the case with inorganic semiconductors,1,2) creating a built-in potential by
controlling the doping is a key issue for organic semiconductors,3,4) including those used
in small molecule organic photovoltaic cells.5-8) Recently, we reported complete control
of the p- and n-type doping in single films of fullerene (C60)9-11) and metal-free
phthalocyanine (H2Pc).12) Significant photocurrent densities can be generated in organic
solar cells comprising co-deposited films through the dissociation of excitons by
photoinduced electron transfer. To achieve this, the p- and n-type doping in the
co-deposited film needs to be controlled. We have demonstrated this control in
co-deposited films of C60 and α-sexithiophene or H2Pc (C60:6T or C60:H2Pc).13-16)
Moreover, we have developed a method for producing phase-separated
co-deposited films by introducing a co-evaporant (polydimethylsiloxane (PDMS)) onto
the heated substrate during film growth, which improves the carrier transport in the
co-deposited film.17)
Since the conductivity (σ) is the product of the mobility (μ) and the carrier
concentration (n), i.e., σ = enμ [e; electron charge], the resistance (σ-1) can be reduced by
increasing both n, by means of doping, and μ, by means of co-evaporation. Thus, we
attempted to combine doping with co-evaporation.
Here, we report on pn-homojunction photovoltaic cells fabricated in
phase-separated co-deposited films by doping.
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7.2. Experiments
C60 (Frontier Carbon, nanom purple TL) and H2Pc (Dainippon Ink and
Chemicals, Inc., Fastogen Blue EP-101) samples were purified by growing single crystals
by sublimation. V2O5 (Aldrich, 99.99%) and Cs2CO3 (Aldrich, 99.995%) were used as
dopants for acceptors and donors, respectively.

PDMS41 (Shin-Etsu Silicones,

KF96-50cs) was used as a co-evaporant. A four component co-evaporation technique
was employed to simultaneously evaporate C60, H2Pc, the dopant, and the PDMS
co-evaporant onto a heated substrate at 70oC in an oil–free vacuum evaporation chamber
(ULVAC, VTS-350M/ERH) built in a glove-box (Miwa, DBO-1.5) purged by N2 gas
(O2<0.5 ppm, H2O<0.1 ppm). Precise monitoring of the deposition rate, using a quartz
crystal microbalance equipped with a computer monitoring system (ULVAC,
CRTM-6000G/Depoview), allowed us to use the V2O5 and Cs2CO3 dopants at the very
low concentrations of 1000 and 500 ppm by volume, respectively. The Fermi levels (EF)
of the co-deposited films were measured using Kelvin vibrating capacitor apparatus
(Riken-Keiki, FAC-1).

We then formed pn-homojunctions in the phase-separated

H2Pc:C60 films (Fig. 7.2(a), blue/yellow gradated layer). The thickness of the p-type
region (X nm) was varied while the thickness of the n-type region was kept constant (50
nm). This pn-homojunction was sandwiched between hole and electron blocking layers,
i.e., NTCDA (yellow layers) and H2Pc (blue layers) since cells without blocking layers
often showed leakage current. To decrease the resistance of the blocking layers, p-doped
H2Pc (light blue) (V2O5, 1000 ppm, 20 nm-thick) and n-doped NTCDA (light yellow)
(Cs2CO3, 500 ppm, 50 nm-thick) were used. To make ohmic contacts, 10 nm-thick
heavily-doped regions were inserted at the H2Pc (dark blue) (50,000 ppm)/ITO and
NTCDA (dark yellow) (10,000 ppm)/Ag interfaces.
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Measurements of EF and the

photovoltaic properties were performed without exposing the devices to air at any time.

7.3. Results and discussion
7.3.1. Doping in phase-separated co-deposited films
Figure 7.1(a) shows the energy diagram for the H2Pc:C60 co-deposited films.
For donor (Cs2CO3) doping,18) EF has shifted from the undoped value of 4.48 eV (black
broken line) to 4.22 eV (green broken line) and is close to the C60 conduction band
(CBC60). In contrast, for acceptor (V2O5) doping, EF has shifted to 4.95 eV (orange
broken line) and is close to the H2Pc valence band (VBH2Pc). Clearly, the conduction
properties in the co-deposited films change from n- to p-type. Moreover, the shift in EF is
within the bandgap of the co-deposited H2Pc and C60 film.
Figure 7.1(d) shows a cross-sectional SEM image of a co-deposited film. The
observed columnar structure resembles the ideal vertical superlattice structure (Fig.
7.1(e)).

PDMS molecules strike the C60 and H2Pc at the substrate, promoting

phase-separation and crystallization in the film.17) Addition of the PDMS had no effect
on the energy levels introduced by doping (Fig. 7.1(a)). Thus, the doping control and
phase separation occur independently of each other. For n-type doping with Cs2CO3 (Fig.
7.1(b)), free carriers (electrons) are produced in both H2Pc and C60, and they relax to the
conduction band of C60. EF is fixed to 4.22 eV and is constant throughout the H2Pc and
C60 phases (green broken line). For p-type doping with V2O5 (Fig. 7.1(b)), holes are
produced which relax to the top of the H2Pc valence band. EF is fixed to 4.95 eV and is
constant throughout the H2Pc and C60 phases (orange broken line). The shifts in EF are
within the “bandgap of the co-deposited film”. Thus, control of the doping in the
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phase-separated co-deposited film was accomplished. After contact formation between
n- and p-type in Fig. 7.1(b), pn-homojunction (Fig. 7.1(c)) was expected to be formed.
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Fig. 7.1 (a) Energy diagram of the C60:H2Pc co-deposited film, which is depicted
by the overlap of the energy levels in C60 (red line) and H2Pc (blue line). CB and
VB denote the conduction and valence bands, respectively. The values of EFs for
undoped, 500 ppm Cs2CO3-doped, and 1000 ppm V2O5-doped films are
indicated by the black, green, and orange broken lines, respectively.

(b)

Phase-separated energetic structures for n- and p-type doping before contact.
EF locations for n- and p-type doping are shown by green and orange broken
lines, respectively.

(c) Three-dimensional energetic structure after contact

formation. The EF is constant over the device in equilibrium condition. (d) Cross
sectional SEM image of doped and phase-separated C60:H2Pc co-deposited film
(500 nm) on an ITO glass substrate which was mechanically cut by using
diamond glass cutter. (e) Vertical superlattice structure of C60 and H2Pc.
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7.3.2. pn-homojunction cells in phase-separated co-deposited film
Next, we fabricated pn-homojunctions in phase-separated H2Pc:C60 films (Fig.
7.2(a)). To determine the energy profile in the depletion layer formed at the junction, the
dependences of EF on the p- and n-type layer thicknesses were measured using a Kelvin
probe.11,16) For n-type (Cs2CO3-doped) films deposited on p-type (V2O5-doped) films
(Fig. 7.3(a)), EF shifts with thickness toward the value obtained for the Cs2CO3-doped
film (4.22 eV, see Fig. 7.1(a)). This value is reached at around 40 nm. For p-type
(V2O5-doped) films deposited on n-type (Cs2CO3-doped) films (Fig. 7.3(b)), EF shifts
with thickness toward the value obtained for the V2O5-doped film (4.95 eV, see Fig.
7.1(a)). Again, this value is reached at around 40 nm. Thus, the total width of the
depletion layer was determined to be 80 nm. The potential profile of the depletion layer
in the pn-homojunction based on Fig. 7.3(a) is depicted in Fig. 7.5 (red area).
Figures 7.2(b) and 7.2(c) show the current-voltage (J-V) characteristics and action
spectra for the pn-homojunction cell illustrated in Fig. 7.2(a). A cell with X = 350 nm
(Fig. 7.2(c), green curve B) had the highest short-circuit photocurrent (Jsc) and a uniform
action spectrum for the external quantum efficiency (EQE) across the entire absorption
region (400-750 nm). This suggests that there is not much of a dead layer in front of the
active layer, and significant photocurrent is generated in the weak absorption region due
to the very thick active layer reaching to around 300 nm, which is much thicker than the
depletion layer (80 nm). With X = 550 nm (Fig. 7.2(c), red curve A), JSC decreases and an
inverse relationship between the action and absorption (black curve) spectra. i.e., a
masking effect, was observed. This suggests that there is a dead layer in front of the
photoactive layer.
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Fig. 7.2

(a) Structure of photovoltaic cell with a pn-homojunction formed by

doping in a phase-separated co-deposited film. X represents the p-type layer
thickness. (b) Current-voltage (J-V) characteristics for X = 550 (red curves A),
350 (green curves B), and 50 nm (blue curves C). Performance of cell B, Jsc: 8.8
mAcm-2, Voc: 0.40 V, FF: 0.53, efficiency: 1.87%.

(c) Action spectra of the

external quantum efficiency (EQE) for the same cells. The black curve is the
absorption spectrum for a cell with X = 350 nm.
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Fig. 7.3

Energy mapping of a pn-homojunction using a Kelvin probe. (a)

n-side. (b) p-side.
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7.3.3. Energy band diagram of the pn-homojunction cells in
phase-separated co-deposited film
In order to determine the precise extent of the photoactive layer beyond the
depletion layer, the JSC for various values of X was calculated with the carrier generation
efficiency following Gaussian profiles with various standard deviations (σ) (Fig. 7.4(a)).
Clearly, the curve with σ = 250 nm (green curve) agrees well with the observed JSC (black
dots), indicating that the photoactive layer extends 250 nm from the edge of the depletion
layer (Fig. 7.5(a), blue shaded area).
Based on these results, we concluded that the photoactive region in which there
is no electric field (blue shaded area, Fig. 7.5(a)) is determined by the minority carrier
(electron) diffusion length (Ln). Due to the large Ln of 250 nm,19) photogenerated
electrons far from the junction can reach the edge of the depletion region and be collected
by the Ag electrode. On the other hand, a high hole concentration (1 x 1017 cm-3)20) in the
p-type C60:H2Pc film ensures hole extraction by the ITO electrode. Thus, extremely thick
cells up to 0.6 μm thick with large values of fill factor (FF) of around 0.56 (Fig. 7.4(b))
were fabricated. This demonstrates the benefit of combining the doping process with the
introduction of the PDMS co-evaporant, enabling phase-separated co-deposited films
with long minority carrier (electron) diffusion lengths, due to the enhanced electron
mobility (0.1 cm2V-1s-1).21)
Both FF and shunt resistance (Rsh) start to decrease for cell thicknesses less than X = 250
nm (Fig. 7.4(b)).

Given the almost ideal rectification behavior (Fig. 7.2(b)), we

concluded that this is not a result of the cell resistance but is due to carrier recombination.
If the distance from the edge of the depletion region to the interface with the ITO
electrode is less than the minority carrier diffusion length (Fig. 7.5(b)), the minority
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carriers (electrons) start to recombine at the interface.

Since such recombination

processes, which cause a reduction in photocurrent, predominantly occur under
open-circuit conditions, FF and Rsh decrease.22)

It should be noted that the

correspondence between the minority carrier diffusion limit (X = 290 nm) and the starting
point for interfacial recombination (X = 250 nm, Fig. 7.4(b)) independently support the
supposition of large Ln in the present cell.
With X = 50 nm, Jsc and FF suddenly decrease (Figs. 7.4(a) and 7.4(b)), and the J-V curve
has a significant slope and does not saturate (Fig. 7.2(b), blue curve C). Since the
interface with the ITO electrode is within the depletion layer (Fig. 7.5(c)), we suspect that
a more serious recombination process, that of majority carriers (electrons) in the
conduction band of the n-layer, occurs at the ITO interface.23)
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Fig. 7.4 (a) Dependence of calculated JSC (solid lines) and observed JSC (black
dots) on X. Gaussian profiles of minority carriers outside the depletion layer with
various standard deviations (σ) are also shown.

Carrier generation layer

thickness outside the depletion layer corresponds to (X – 40) nm. Gaussian
profiles are expressed by the equation [f(x) = σ-1 (2π)-1/2 exp(-x2/2σ2)]. Here, x
and σ are the thickness of carrier generation layer outside the depletion layer and
the minority carrier diffusion length (standard deviations), respectively.
Dependence of FF, and Rsh on X.

(b)

Rsh is determined by the slope of the

photocurrent at – 1V.
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Fig.7.5 Energy band diagrams of the cells. The depletion region and minority
carrier diffusion length are indicated by the red and blue shaded areas,
respectively. The potential profile of the depletion layer is depicted based on Fig.
7.3. The distance from the edge of the depletion region to the interface with the
ITO electrode is greater (a) and less (b) than the minority carrier diffusion length,
while for (c) the interface is within the depletion region.
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7.4. Conclusion
pn-homojunctions were formed in phase-separated co-deposited films by doping.
A very long minority carrier (electron) diffusion length of 250 nm allowed us to fabricate
very thick cells up to 0.5 μm thick. This demonstrates the benefit of combining doping
with the introduction of a co-evaporant. To suppress the interfacial recombination
processes, an effective passivation method needs to be developed.
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Chapter 8:
General Conclusion

8.1. Summary of this thesis
(1) Formation of p-type C60 by MoO3 doping.
Changing the conduction type of fullerene (C60) films from n- to p-type by
doping with molybdenum oxide (MoO3) was demonstrated. The energy of the Fermi
level was measured using a Kelvin vibrating capacitor method. This is 4.60 eV for
undoped C60 films, but shifted positively to 5.88 eV, approaching the valence band, when
doped with MoO3 by co-evaporation. The existence of upward band bending of a
Schottky junction formed at the interface between a metal and the p-type C60 film was
confirmed based on its photovoltaic properties.

(2) Formation of a pn-homojunction in a single C60 film.
A pn-homojunction was fabricated in a single C60 film containing MoO3- and
Ca-doped regions. In order to clarify the phenomenon in detail, action spectra were
measured. Based on the observed systematic changes in the shape of the action spectra
with respect to the distance of the homojunction from the side irradiated with light, it was
concluded that accurate control of the position of the pn-homojunction by varying the
thicknesses of the MoO3/Ca doped regions had been achieved. The present doping
technique offers a fundamental method for designing precise pn-homojunctions in
organic solar cells.
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(3) Formation of ohmic contacts at metal/organic junctions by heavy doping.
Heavily doped 10-nm-thick p+- and n+-type regions of H2Pc and C60 were
formed to facilitate the formation of ohmic contacts at the organic/metal interfaces of
two-layered organic solar cells.

Even though there is an energy barrier at the

metal/organic interface, the bands bend down steeply within 5 nm of the interface due to
the heavy doping and photogenerated electrons are able to tunnel through this barrier.
Thus, an ohmic contact is formed. The formation of ohmic contacts allow the cells to be
invertible and independent of the type of electrode material used.

(4) Formation of junctions in H2Pc:C60 co-deposited films.
pn-control in H2Pc:C60 co-deposited films was accomplished. By doping with
V2O5 or Cs2CO3, the Fermi level in the H2Pc:C60 co-deposited film could be shifted
positively or negatively, so that the whole of the film behaved as either a p-type or n-type
material, respectively. A series of junctions such as Schottky junctions and
pn-homojunctions were confirmed as being formed.

(5) Formation of inorganic-like pn-homojunctions in phase-separated co-deposited
H2Pc:C60 films.
Simultaneous control of the doping and phase-separation in organic
co-deposited films consisting of H2Pc and C60 was performed. Due to the long minority
carrier (electron) diffusion length of 250 nm, photogenerated electrons far from the
junction were able to reach the edge of the depletion region and be collected. On the other
hand, a high hole concentration in the p-type C60:H2Pc film ensured hole extraction. Thus,
extremely thick cells up to 0.6 μm thick with large fill factors of around 0.56 were
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fabricated. The mechanism by which the pn-homojunction in this organic solar cell
operates is similar to that in an inorganic solar cell.

8.2. Future prospects
It is expected that the precise pn-control technique and pn-homojunction
formation in C60 described in this thesis can be applied to any organic semiconductor. At
the present stage, the organic pn-homojunction cells exhibit a conversion efficiency of
1.9%.

However, the author expects that based on the concept used in inorganic

semiconductors in which the long minority carrier length of the electrons and the high
carrier concentration of the holes is utilized, the efficiency would be improved. For this
purpose, the following studies are now in progress.
(1) Applications to the pair of organic semiconductors which can generate high
photovoltages near 1V.
(2) Optimization of the doping concentration to minimize the recombination processes in
the cells.
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