K Zd

FAL (B M4y BF)

¥R F T

AR G- A AF

LR G- OB

BRE #hiAr

it (B 5E)

AR R 8 240 B

Rk 27H3 H 24 H

SN R I B 6 2% 5 2 THR% Y

Effects of Doping in Photovoltaic Organic Semiconductor Films
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Summary of thesis contents

Impurity doping is an indispensable technique for present inorganic semiconductor
devices. With this technique the Fermi level and conduction type of semiconductors can be
controlled. With p- and n-type semiconductors in contact with each other, various electronic
devices, such as solar cells, light emitting diodes and bipolar field-effect transistors, can be
produced. These devices are widely prevalent and are an essential part of our everyday lives.

On the other hand, organic electronics, i.e., electronic devices comprising organic
semiconductors, have attracted much attention. Compared to inorganic semiconductors, organic
semiconductors have a number of advantages, in that the device fabrication is easy, the
production costs are low, and they are flexible, lightweight, and easy to design. However,
organic semiconductors have fallen far behind inorganic semiconductors in terms of device
applications. Organic solar cells, especially, are still in the research phase. In order to
obtain high photo-conversion efficiencies comparable to inorganic solar cells, precise control of
the pn-characteristics in organic semiconductors is vital. Thus, the author has focused on the
effects of doping in organic semiconductors.

While pn-control of the typical inherently n-type Ceo has been reported previously, it
hasn’t been shown whether or not the same control can be achieved in the typical inherently
p-type metal-free phthalocyanine (H2Pc) and hole transport materials (HTMs). The author has
attempted to confirm whether or not this pn-control can be applied to any organic semiconductor
in order to design high-efficiency organic solar cells. Thus, an investigation of the effects of
doping on HzPc and HTMs was performed.

Moreover, precise device design requires a quantitative evaluation of the carrier
concentration in doped organic semiconductors. However, the correlation between the induced
carrier concentration and the doping concentration hasn’t been clarified. In particular, reports
of studies on the doping of co-deposited films have been scarce. Doping co-deposited films is a
key issue for the development of organic solar cells. Thus, the author has attempted to evaluate

the carrier concentration in doped single and co-deposited organic semiconductor films.

This thesis comprises seven chapters.

In chapter 1, the background to impurity doping of both inorganic and organic
semiconductors and carrier concentration measurements using a Kelvin probe are described.

In chapter 2, the experimental procedures and equipment for purifying organic
semiconductors, finely controlling the doping, Kelvin probe measurements, capacitance-voltage
measurements, measurement of the photovoltaic properties and measurement of the conductivity
are described.

In chapter 3, demonstrations of the pn-control and pn-homojunction formation in HzPc
are presented. The Fermi level (Er) of 4.4 eV for an undoped HzPc film shifts to 4.9 and 3.8 eV
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by doping with MoO3 and Cs,COg3, respectively. Moreover, the photovoltaic properties clearly
show the formation of p- and n-type Schottky junctions and a pn-homojunction although H2Pc
has conventionally been regarded as an inherently p-type semiconductor. In order to make
n-type HzPc, exposure to oxygen should be avoided.

In chapter 4, p-type doping of hole-transport materials (HTMs) is described. The
observation of strong charge transfer (CT) absorption by HTMs heavily doped with MoO3; reveals
the formation of charge transfer (CT) complexes (HTM*---M00QO3s’). An improvement in the
photovoltaic characteristics by the formation of a built-in potential and a decrease in the
resistance was observed.

These results shows that single organic semiconductors can, in general, be controlled to

be either p- or n-type, similar to inorganic semiconductors.

In chapter 5, the carrier concentrations in Ceo films induced by doping with Cs,CO3 and
MoO3 were precisely determined by Kelvin band-mapping. The band-bending in Cso doped with
Cs2C0O3 and MoO3 was obtained from the dependence of the work function on film thickness.
The depletion layer width (Waep) and the built-in potential (Vi) can be determined from the
band-bending. The carrier concentration (N) of doped Ceo was calculated from an equation
based on Poisson’s equation. The doping efficiency, which is defined as the ratio of the induced
carrier concentration to the dopant concentration can also be determined. The doping efficiency
can be regarded as the ionization efficiency. The ionization efficiency for Cs,CO3 in Cgo wWas
found to be 10%, which is significantly lower than the corresponding value of 100% for
phosphorus in silicon. The CT complex formed, i.e., Cs2CO3*—Csgo7, is essentially the same as
for the CT exciton. It is assumed that this low ionization efficiency is due to the strong
attractive force between the small electron orbital and the positively ionized donor.

In chapter 6, sensitization of the dopant ionization in co-deposited films was revealed.
Kelvin band-mapping of co-deposited films and films of the individual components was
performed. The width of the depletion regions, Wgep, 0f co-deposited films comprising HoPc
and Ceso shrank compared to the respective single films of H,Pc and Cgo. This means the carrier
concentration for the co-deposited film is an order of magnitude larger than that of the respective
single films. The co-deposited film showed a significantly high ionization rate of 97%, which
is comparable to doped silicon. In order to explain this, a charge separation superlattice model
was proposed. In the HoPc:Cgo system, electrons liberated from the donor level relax to the Ceo.
This carrier transfer accelerates ionization of the dopant in H2Pc due to the shift in equilibrium.
A similar result was observed in the p-type HzPc:perylene pigment system.

In chapter 7, summary of this thesis is set forth as follow.

The author has revealed the following effects arising from doping single and co-deposited
organic semiconductor films.
1) Organic semiconductors can, in general, be controlled to be p- or n-type, similar to inorganic

semiconductors.



G 2)
(Separate Form 2)

2) The doping efficiency in single Ceo film is extremely low due to the strong attractive force

between the small electron orbital and the positively ionized donor.

3) lonization sensitization attributable to the charge separation occurs in the co-deposited film.
The ionization sensitization is a new knowledge which gives meaning to doping of

co-deposited films, and is a unique characteristic of organic semiconductors. It now has the

potential for development into organic electronic devices.
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