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Summary of thesis contents

Organic solar cells have been recognized as next-generation solar cells. For 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. Finally, the author
succeeded in fabricating organic solar cells with inorganic-like pn-homojunctions.

Precise pn-control by impurity doping is indispensable for intentionally creating a
built-in potential in semiconductors. The complete pn-control technique has long been
established for inorganic semiconductors. However, for organic semiconductors, there are only

a few examples of complete pn-control and the formation of pn-homojunctions.

Previously, the doping of organic semiconductors has mainly been in the concentration
range of the order of a few %. However, in order to control the built-in potential in organic
solar cells, highly precise control of the doping concentration at the ppm-level is needed. So, in
this study, the author attempted impurity doping at the ppm-level by using a computer monitoring
system linked with a quartz crystal microbalance (QCM). The author succeeded in achieving a
doping concentration of 9 ppm by volume. For doping at the ppm-level, highly purified organic
semiconductors are essential. Therefore, organic semiconductors (fullerene: Ceo, metal-free
phthalocyanine: H;Pc) having purities of ‘seven-nines’ (7N; 99.99999%) were used in this study.
The position of the Fermi level (Ef) in organic semiconductor films is known to be very sensitive
to oxygen. 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.

First of all, the author attempted the complete pn-control in fullerene (Ceo) because
most recent organic solar cells contain Ceo. Since Ceo films behave like n-type semiconductors,
the first attempt was to change the conduction type from n- to p-type by doping. The author
found that metal oxides such as molybdenum oxide (MoOs3) and vanadium oxide (V20s) act as
acceptor dopants for Ceo. This is the first report on the formation of p-type Cso. In addition,
the author used Ca as a donor dopant for Ceo, thus establishing a complete pn-control technique
for Ceo. This result suggests that complete pn-control is generally possible for other various

organic semiconductors.

On the other hand, for co-deposited films, the formation of routes for photogenerated

electrons and holes is essential for generating photocurrent. Recently, a method in which a
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liquid acting as a co-evaporant (polydimethylsiloxane (PDMS)) introduced into the vacuum was
developed to fabricate phase-separated co-deposited films. In order to fabricate organic solar
cells with inorganic-like pn-homojunctions, the author combined phase-separated Ceo:H2PcC
co-deposited films and doping. Combination of the doping and the phase-separation was
performed by a four-component co-evaporation technique. Finally, the author succeeded in
fabricating inorganic-like pn-homojunction organic solar cells. Thus, electrons and holes act as
minority and majority carriers, respectively. Photogenerated electrons can be extracted due to

the long minority carrier diffusion length.

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 such as the purification of
organic semiconductors, the glove-box with built-in evaporation chamber, Kelvin probe
measurements, multi-component co-evaporation technique, ppm-level doping technique, and

photovoltaic measurements are described.

In Chapter 3, pn-control in Cgo film is described. The author adopted Cgo as a test
material because most recent solar cells contain Ceo. Since Ceo films behave like n-type
semiconductors, the author tried first of all to change the conduction type from n- to p-type by
doping. It was confirmed that molybdenum oxide (MoQO3) behaved as an acceptor. As far as
the author knows, this is the first report on the formation of p-type Ceso. Based on these results,

general pn-control in other various organic semiconductors was performed.

In Chapter 4, the formation of pn-homojunctions in single Ceo films by doping is
described.  The position of the junction was intentionally controlled by changing the
thicknesses of the MoOs/Ca doped regions. This mechanism for the formation of
pn-homojunctions is based on the differences in Er caused by the controlled doping, and offers a

potential method for the design and creation of built-in potentials in organic solar cells.

In Chapter 5, invertible H2Pc/Cso 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 ochmic contacts in
inorganic semiconductors. This heavy doping technique was used to fabricate the cells in
Chapter 7.
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In Chapter 6, the fabrication of pn-homojunctions in co-deposited films consisting of

Cso and HzPc by doping is described.

In Chapter 7, the formation of pn-homojunctions in phase-separated co-deposited films
of organic semiconductor is described. The carrier mobility (u) in the film was improved by
introducing a co-evaporant onto the heated substrate during film growth to produce
phase-separated co-deposited films. On the other hand, carrier concentration (n) was increased
by doping. 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 um thick with
very long minority carrier (electron) diffusion lengths of 250 nm.

Long minority carrier diffusion length is a key factor for photocurrent generation. In
the p-layer, electrons and holes act as the minority and majority carriers, respectively. Even in
the region without a built-in potential, photogenerated electrons can be extracted to the n-type
region due to the large minority carrier diffusion length. On the other hand, holes with high
concentration are easily extracted. Thus, organic pn-homojunction solar cells with a similar

operating mechanism to inorganic pn-homojunction were successfully fabricated.

In Chapter 8, the conclusion and the future prospects are described.

In summary, the main original points of this thesis are the formation of

1) p-type Ceo.
2) pn-homojunctions in a single Cego films.
3) ohmic contacts at the metal/organic junctions by heavy doping.

4) inorganic-like pn-homojunctions in phase-separated co-deposited films.

The present results in this thesis will offer a new method for fabricating highly efficient

organic solar cells.
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