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Design of the Energy Structures of Photovoltaic Organic

Co-deposited Films by Impurity Doping
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Organic solar cells consisting of vacuum deposited films have been
actively studied due to their potential use in the fabrication of low-cosi solar
cells, Most recent cells use a mixture of two kinds of organic semiconductors,
since cells constructed from single organic semiconductors generate little
photocurrent. Co-deposition from different evaporation sources is a convenient
way to mix two different organic semiconductors. Organic solar cells that
include co-deposited films can generate photocurrents of significant magnitude
since the efficient dissociation of excitons (bound states consisting of an
electron and a hole) occurs in co-deposited films due to photcinduced electron
transfer.

On the other hand, impurity-doping has been developed to precisely control
the energy structures of inorganie solar celis. In the case of organic solar cells,
doping technigues have not been reliably established. In particular, there has
been no attempt to contrel the energy structures of organic co-deposited films
by the use of doping.

In this thesis, the author has developed doping techniques for photovaoltaic
organic co-deposited films. p*tsz*-homojunctions and an n*p*-homojunction,
which act as photoactive layers and as an ohmic interlayer, respectively, were
fabricated in co-deposited films. A 2.4% efficient tandem organic solarcell was
constructed by simply doping into co-deposited films.

This thesis consists of seven chapters.

In Chapter 1, the history and principles of organic photovoltaic cells are
described.

In Chapter 2, fundamental equipment and methods are described. A
cordeposited film consisting of fullerene and a-sexithiophene {Cso:6T), which
exhibits a large open-cireuit voltage (reaching 0.8 V) was used. Molybdenum
oxide (MoQ3s) was used as an acceptor dopant to create p-type films. The author
found out that cesium carbonate (Cs2C0s) acted as a donor dopant to produce
n-type Cso and 67 films. In order to introduce dopants into co~deposited films,
the author developed a ‘three component co*evéporati(}n’ technique, in which
three different evaporation sources were used. Precise monitoring of the
deposition rates of the dopants using a computer monitoring system enabled us
to dope as low as 40 ppm by volume concentration. Direct energy-band mapping
of doped junctions was achieved using a Kelvin probe.

In Chapter 3, pa-homojunctions and an z*p*~homojunction, which act as
photoactive layers and as an ohmic interlayer, respectively, were fabricated in
single Cso films by simply controlling the doping concentrations of MoO3s and

Cs2C03. A tandem photovoltaic cell, whose open circuit voltage (Voo is double
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that of the unit cells, was incorporated in single Cso films by doping alone. The
energy-band diagram of the overall tandem cell was depicted based on Kelvin
probe measurements for the pn- and n*p*hemojunctions. The pr-homojunctions,
in which an exciton is dissociated into a hole and an electron under
photo-irradiation, have 130 nm-wide depletion layers. The p*p*-homojunction,
in which a8 hole and an electron neutralize ezch other due to recombination or
tunneling, has a 20 nm-wide depletion layer. Adoping technique for controlling
the energy structures of single Ceo filma was established.

In Chapter 4, control of the energy structure of a Cs0'6T co-deposited film was
achieved by ppm-level dgping with MoQsz. The conduction types of Cea'8T {ilms
were intentionally tuned from n-type, via intrinsic, to p-type by controlling the
MoOs doping concentration. The potential profiles of MoOa-doped Ceo’6T films
mapped using a Kelvin probe enabled us to confirm the transition of the energy
structure. The results confirmed that MoO3s acts as an acceptor dopant in the
case of Ceol6T co-deposited films. _

In Chapter 5, tuning of the barrier parameters of ntype Schottky junctions
formed in Cso'8T co-deposited films was achieved by ppm-level control of
Cs:C0¢ doping. The carrier concentration of electrons, as evaluated by
capacitance measurements, showed a clear proportional relationship to the
overall doping concentration of Cs2C0y. The results confirmed that Cs2005 acts
as a donor dopant for the Cso'8T co-deposited films. In addition, the doping
efficiency was found to be around 0.15.

In Chapter 6, since the pao-properties of the Cse'67 co-deposited films could be
completely controlled by doping with MoOys and Ce2C0s, organic solar cells were
designed in the Cgel8T films by use of these doping techniques. The author
fabricated a series of fundamental junctions, that is, p- and p-iyvpe Schottky
junctions, pn, p*in*, and ohmic n*p* homojunctions, and ohmic junclions
between metal electrodes and heavily-doped p* and »* lavers., Based on these
doping technigues, a tandem organic solar cell was formed in a Ceo'8T film by
connecting two photoactive p*ip*-homojunctions via a heavily doped n*p*-ohmic
interiayver. The value of Vi and the conversion efficiency of the tandem cell
reached 1.869 V and 2.4%, respectively.

In Chapter 7, the conclusion of this thesis is described. The author
constructed doping technigues for designing the energy structures of
photovoliaic Ceo'6T co-deposited films, Complete control of the pn-properties of
photovoltaic Ceo!6T co-deposited films was achieved by doping with MoOs and
(55003, A series of fundamental junctions, that is, p- and n-type Schottky
junctions, pn, p*in*, and ohmic #*p* homojunctions, and ohmic junctions
between metal electrodes and heavily-doped p* and n* layers, were fabricated,

A 2.4% efficient tandem organic solar cell was built in a Cs0'6T co-deposited
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film fabricated by doping only. Energy-band mapping and capacitan
measurements strongly assisted in the clarification of the operatir
mechanisms of the doped junctions.

The intreduction of direct doping into bulk co-deposited films can provide tl
following improvements in the design of organic solar cells. (i) A built-i
electric field can be constructed directly in the co-deposited region where tk
generation and transport of photocarriers oceurs. (ii) A reduction of the bul
resistance of co-deposited films by doping can enable the growth of co-deposite
filme that are sufficiently thick {e.g. 1 x m) to absorb the whole of the incider
solar light and to convert it to a photocurrent. Therefore, these dopin
techniques could significantly help in the development of an efficient organ:

solar cell.
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