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Abstract: The concept of bandgap science of organic semiconductor films for use in
photovoltaic cells, namely, high-purification, pn-control by doping, and design of the built-in
potential based on precisely-evaluated doping parameters, is summarized. The principle
characteristics of organic solar cells, namely, the exciton, donor (D)/acceptor (A) sensitization,
and p-i-n cells containing co-deposited and D/A molecular blended i-interlayers, are
explained. ‘Seven-nines’ (7N) purification, together with phase-separation/cystallization
induced by co-evaporant 3" molecules allowed us to fabricate 5.3% efficient cells based
on 1 um-thick fullerene:phthalocyanine (Cgo:H2Pc) co-deposited films. pn-control techniques
enabled by impurity doping for both single and co-deposited films were established. The
carrier concentrations created by doping were determined by the Kelvin band mapping
technique. The relatively high ionization efficiency of 10% for doped organic semiconductors
can be explained by the formation of charge transfer (CT)-complexes between the dopants
and the organic semiconductor molecules. A series of fundamental junctions, such as Schottky
junctions, pn-homojunctions, p*, n*-organic/metal ohmic junctions, and n*-organic/
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p*-organic ohmic homojunctions, were fabricated in both single and co-deposited organic
semiconductor films by impurity doping alone. A tandem cell showing 2.4% efficiency
was fabricated in which the built-in electric field was designed by manipulating the doping.

Keywords: organic solar cell; doping; bandgap science; seven-nines purification;
phase-separation; pn-control; co-deposited film; Kelvin band mapping; carrier
concentration; ionization efficiency; built-in potential design; pn-homojunction;
metal/organic ohmic junction; organic/organic ohmic homojunction; tandem cell

1. Introduction

Organic solar cells consisting of vacuum-deposited small-molecular thin films have been
intensively studied [1-3], following the two-layer cell reported by Tang [4]. In 1991, the author
proposed p-i-n organic solar cells in which the i-interlayer is a co-deposited film of p- and n-type
organic semiconductors [5,6]. This is the first organic solar cell having a molecular blend, i.e., the
so-called bulk heterojunction [7].

Recently, we have been focused on the establishment of “bandgap science for organic solar cells”.
We believe that the following features are indispensable. (a) Organic semiconductors purified to sub-ppm
level, at least seven nines (7N; 0.1 ppm), should be used; (b) A ppm-level doping technique should be
developed; (c) Every individual organic semiconductor should be capable of displaying both n- and
p-type characteristics by impurity doping alone, i.e., complete pn-control should be developed,;
(d) Unintentional and uncontrollable doping by oxygen and water from air should be completely
eliminated; (e) The doping technique should be applicable not only to single organic semiconductor
films, but also to co-deposited films consisting of two kinds of organic semiconductors.

pn-control by doping are indispensable for the solid-state physics of inorganic semiconductors. It is
so-called “bandgap engineering”. In the case of organic semiconductors, their genuine potential has
been hidden for a long time by the unintentional and unknown impurity contamination typically by
oxygen from air. However, the authors have a strong conviction that the organic semiconductors
should also be able to be treated similar to the inorganic semiconductors. Simultaneously, the authors
strongly expect that the unknown physical phenomena, particular to organic semiconductors will be
discovered during the course of research to establish the solid-state physics for organic semiconductors.
From these standpoints of view, the authors chose the term “bandgap science”. pn-control of
co-deposited films consisting of D/A organic semiconductors is one of the spin-off of “bandgap science”
and particular to organic semiconductors.

In this paper we will first summarize the fundamental principles of organic solar cells, such as the
exciton, donor (D)/acceptor (A) sensitization, p-i-n cells containing a co-deposited i-interlayer, and
nanostructure design of co-deposited layers. Next, factors influencing bandgap science for organic
solar cells, such as ‘seven-nines’ purification, pn-control by ppm-level doping for both single and for
co-deposited organic semiconductor films, and built-in potential design based on precise evaluation of
doping parameters, are summarized.
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2. Principles
2.1. Exciton

The dissociation of photogenerated electron-hole pairs (excitons) is a key factor for carrier
generation in organic semiconductors. Exciton dissociation is affected by the relative permittivity of a
solid (¢) based on the Coulomb’s law; F = (1/4neeo)(0102/12) [8]. Here, €0, O1, 02, and r are the absolute
permittivity, the elementary charges, and the distance between charges. In a solid having a small value
of ¢, the positive and negative charges experience strong attractive forces. On the contrary, in a solid
having a large value of ¢, the positive and negative charges experience relatively weak attractive
forces. Inorganic semiconductors have large values for €. For example, Si has a large € value of 11.9
and the exciton has a large diameter of 9.0 nm and is delocalized over about 10* Si atoms (Figure 1a) [9].
This Wannier-type exciton immediately dissociates to a free electron and a hole from thermal energy at
room temperature and generates photocurrent. On the other hand, organic semiconductors have small
values for &. For example, Cg has small ¢ value of 4.4 and the exciton has a very small diameter
of 0.50 nm and is localized on a single Cgo molecule (Figure 1b). These Frenkel-type excitons are
hardly dissociated to free electrons and holes by thermal energy of room temperature and can easily
relax to the ground state (Figure 2a). Therefore, organic semiconductors can generate few photocarriers.
This is the reason why the organic solar cells that were fabricated before the work of Tang [4] showed
extremely low photocurrents, of the order of nano- to micro-amperes.

Figure 1. Size of excitons for an inorganic semiconductor (Si) and an organic
semiconductor (Cgo). The former is Wannier-type and easily dissociates to free carriers.
The latter is Frenkel-type and hardly dissociates to free carriers.
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Figure 2. Carrier generation in organic semiconductors. (a) Single molecular solids;
(b) Donor (D)/acceptor (A) sensitization of carrier generation by the mixing of two kinds
of organic semiconductor molecules. Efficient free carrier generation occurs from the
charge transfer (CT) exciton.
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Today’s organic solar cells have overcome the above problem by combining two kinds of organic
semiconductors. When an electron-donating molecule (D) and an electron-accepting molecule (A), for
which the energetic relationship of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), are shifted in parallel with each other and are contacted or
mixed, then a charge transfer (CT) exciton is formed in which the positive and negative charges are
separated on the neighboring D and A molecules due to photoinduced electron transfer (Figure 2b).
This CT exciton can dissociate to a free electron and a hole due to thermal energy of room temperature.
By utilizing this donor-acceptor (D/A) sensitization, organic semiconductors became capable of
generating photocurrents of significant magnitude; of the order of milli-amperes.

A two-layer organic solar cell (Figure 3) [4] utilizes D/A sensitization at the heterojunction. The
width of the photoactive region (shaded red) is, however, limited to around 10 nm in the vicinity of the
heterojunction due to the extremely small exciton diffusion length of only several nm [10,11]. Thus,
when the thickness of the organic layers increases, a dead region that does not generate photocurrent
and but absorbs incident solar light develops in front of the active region and, as a result, the
magnitude of the photocurrent is severely suppressed. Taking into account the observation that
a 10 nm-thick organic film can only absorb a small part of the incident solar light, then in order to
increase the efficiency of organic solar cells, the severely contradictory condition, namely, “the whole
of the incident solar light shall be absorbed by only a 10 nm-thick active layer”, should be satisfied.
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Figure 3. Schematic illustration of a two-layer cell composed of perylene pigment
(Im-PTC) acting as an acceptor molecule (A) and copper phthalocyanine (CuPc) acting as
a donor molecule (D). Photocurrent is generated only in the active region (shaded red)
close to the heterojunction and all other parts of organic films act as a dead region.
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2.2. Co-Deposited Layer

In order to overcome this contradiction, in 1991, the authors proposed p-i-n organic solar cells in
which the i-interlayer is a co-deposited film composed of p- and n-type organic semiconductors
(Figure 4a) [5,6]. The original concept is that the positive and negative charges from ionized donors
and acceptors in n-type and p-type organic semiconductors, respectively, are compensated by each
other, and the resulting co-deposited interlayer behaves like an intrinsic semiconductor. From the
standpoint of built-in potential formation in a molecular solid, the built-in electric field is distributed
across an i-interlayer sandwiched by n- and p-layers, similar to the case of amorphous silicon
incorporating a p-i-n junction (Figure 4b). From the standpoint of photocarrier generation occurring at
the molecular-level, there are D/A molecular contacts acting as photocarrier generation sites due to the
D/A sensitization in the whole of the bulk of the i-codeposited layer.

In 1991, the terms p-type and n-type implied the nature induced by unintentional and uncontrolled
doping. The p- and n-type natures of phthalocyanine and perylene pigments (Figure 3) were induced
by unidentified acceptor and donor impurities respectively, and the electron donating molecules (D)
and the accepting molecules (A) were recognized as usually showing p- and n-type natures. It should
be noted that the recent pn-control technique mentioned in Sections 5 and 6 is based on intentional and
controlled impurity doping.

The “molecular blend” structure became indispensable for organic solar cells. In 1995, a blended
junction, i.e., a “bulk heterojunction”, was proposed by Heeger’s group for the polymer solar cell [7].
Fundamentally, an i-codeposited layer has the physical meaning that, by transmitting the incident light
through a vast number of heterointerfaces, the severe contradicting conditions, i.e., “the whole of the
incident solar light shall be absorbed by only an extremely thin active layer”, can be satisfied.
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Figure 4. (a) Concept of p-i-n cell. A mixed i-layer co-deposited with n- and p-type
semiconductors is sandwiched between respective p- and n-type layers. The entire bulk of
the i-layer acts as an active layer for photocarrier generation; (b) Energy structure of the
p-i-n cell.
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3. Nanostructure Design
3.1. Vertical Superlattice Structure

Even if excitonic dissociation occurs, nanostructure control of co-deposited films, i.e., a formation
route for electrons and holes generated by excitonic dissociation, is indispensable to extract a
significant portion of the photogenerated charges to the external circuit. An ideal nanostructure is the
‘vertical superlattice’ structure (Figure 5b) [11]. This structure enables the efficient dissociation of
photogenerated excitons at the D/A interfaces within the exciton diffusion length (5-10 nm) and the
transport of electrons and holes to the respective electrodes.
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Figure 5. (a) Co-evaporant 3" molecule introduction. The balls, plates, and sticks
correspond to Ceo, HoPc, and 3™ molecules, respectively; (b) Vertical superlattice structure.
Cross sectional SEM images of Cgo:H,Pc co-deposited films without (c) and with
(d) 3" molecule. Phase-separation and crystallization occurs by introducing co-evaporant
3" molecule.
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3.2. Co-Evaporant 3" Molecules

Recently, we developed a fabrication method for a nanostructure similar to Figure 5b by using
co-evaporant 3 molecules that act as a solvent during vacuum deposition [12]. By introducing
co-evaporant 3" molecules onto a substrate heated to +80 °C during film growth, phase-separated and
crystallized co-deposited films that improve carrier transport can be fabricated (Figure 5a). The 3"
molecules collide with Cgp and H,Pc and decrease the density of the crystalline nucleation sites on the
surface and promote the crystallization/phase-separation process. The 3" molecules are not left in the
co-deposited films at elevated substrate temperatures. Columnar structure (Figure 5b) composed of
benzoporphyrin and silylmethylfullerene was also fabricated by Matsuo et al. [13] and it was
developed to commercialized organic solar cells by Mitsubishi Chemical.

Figure 5c¢,d show cross-sectional SEM images of a Cgo:H2Pc (fullerene:metal-free phthalocyanine)
co-deposited film. Without the 3" molecules, an amorphous smooth cross-section was observed for the
molecular-level mixture of Cg and H,Pc (Figure 5c). On the other hand, with the 3" molecules, a
columnar structure of phase-separated and crystallized material (Figure 5d) similar to the ideal vertical
superlattice (Figure 5b) was formed. The improved crystallinity produced by introducing the 3"
molecules was confirmed by UV-Vis absorption spectra and X-ray diffraction analyses. Photocurrent
enhancement was observed, particularly for relatively thick (>400 nm) co-deposited films having
greater light absorption (see Section 4). A striking enhancement in photocurrent generation is achieved
in organic solar cells without exception, based on a variety of co-deposited films such as H,Pc:Cgy,
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PbPc:Ceo, AICIPC:Ceo, and rubrene:Ceo. As 3™ molecules, more than 10 kinds of low vapor pressure
liquids, such as polydimethylsiloxane (PDMS) and alkyldiphenylether (ADE), can be used. Since ADE
is a typical diffusion pump oil, the present effects can often be observed for co-deposition using a
chamber evacuated by a diffusion pump (see Section 4). We believe that this method is generally
applicable for growing high-quality phase-separated/crystalline co-deposited films by vacuum deposition.

4. Seven-Nines (7N) Purification
4.1. Single-Crystal Sublimation

First, in order to establish bandgap science for organic solar cells, we focused on the high purification
of organic semiconductors. Conventional p-i-n cells (Section 2.2) [5,6] incorporating a quasi-vertical
superlattice (Sections 3.1 and 3.2) [12] were used to evaluate the effects of high-purification.

Based on an analogy with inorganic Si, which is usually purified to eleven-nines (11N), the purity
of organic semiconductors needs to at least reach the sub-ppm level in order to draw out their essential
nature. Based on the above consideration, a more rigorous purification method was applied to organic
semiconductors. Conventionally, organic semiconductors are purified by the ‘train sublimation’
method under vacuum [14] and the purified samples are obtained as a powder. Alternatively, when the
sublimation is performed at 1 atm, the purified samples are obtained as single crystals that are of
extremely high purity due to gas convection [15].

Figure 6a shows a photograph of Cgy crystals purified by single-crystal sublimation [15]. Crystal
growth was performed in a quartz tube surrounded by a three-zone furnace system (Epitech Co., Ltd.,
Kyoto, Japan) under flowing N at 1 atm. The Cg sample was set at 720 °C and single crystals with
sizes exceeding 2 mm x 2 mm were grown at around 500 °C. X-ray diffraction of the obtained crystals
showed precise agreement with the reported crystal structure of Cg. The obtained Cgo crystals were
used in the next single-crystal sublimation process.

Figure 6. (a) Photograph of 7N-Cg single crystals; (b) Structure of organic p-i-n solar cell.
The Cgo:H2Pc co-deposited layer (thickness: X nm) having a quasi-vertical superlattice
structure (Figure 5b,d) is sandwiched between p-type H,Pc and n-type NTCDA.
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4.2. One Micrometer-Thick Co-Deposition Cells

Highly purified organic semiconductors produced by single-crystal sublimation were incorporated
in p-i-n cells (Figure 6b) (Section 2.2, Figure 4). A p-type H,Pc layer (20 nm), a co-deposited Cgo:H2PC
i-interlayer, and an n-type layer of naphthalene tetracarboxylic anhydride (NTCDA) were successively
deposited by vacuum evaporation at 1 x 10~ Pa using a diffusion pump (VPC-260, ULVAC) onto an
indium tin oxide (ITO) glass substrate pre-treated in an air plasma. The thick NTCDA layer (600 nm)
also acts as a transparent protection layer that prevents electrical shorting of the cells due to metal
migration into the organic film during metal deposition [16,17]. The co-deposition was performed on a
substrate heated to +80 °C. The optimized Cgo:H2Pc ratio was 1.13:1. ADE, which acted as a co-evaporant
3" molecule (Section 3.2), was automatically introduced from the diffusion pump. A phase-separated/
crystalline nanostructure (Figure 5b,d) was confirmed to be formed for the present Cego:H2PC
co-deposited film.

Figure 7 shows the current-voltage (J-V) characteristics of the cells in Figure 6b with co-deposited
layer thicknesses, X, of 250, 600, 960 nm, and 1.2 um, incorporating a Cgso Sample purified three
times by single-crystal sublimation. Figure 8 shows the dependence of the fill-factor (FF) and the
short-circuit photocurrent density (Js¢) on X. Surprisingly, FF hardly decreases even for an extremely
thick i-codeposited layer of 1.2 um (black open dots). Simultaneously, Js. increases with X and reaches
a maximum value of 19.1 mAcm 2. On the contrary, when the Cgo is purified by conventional train
sublimation under vacuum, FF monotonically decreases with co-deposited layer thickness (Figure 3a,
red open squares) [18]. At X = 960 nm, a Js. value of 18.3 mAcm 2 and a conversion efficiency
of 5.3% were observed [19-21]. The internal quantum efficiency reaches around 90% in the region
from 400 to 700 nm for the X = 960 nm cell (Figure 9a).

Figure 7. Current-voltage (J-V) characteristics for p-i-n cells with i-layer thicknesses (X)
of 250 nm, 600 nm, 960 nm, and 1.2 pm. Cell parameters (X = 960 nm); Js.: 18.3 mAcm 2,
Voce: 0.40 V, FF: 0.53, Efficiency: 5.3%. The simulated light intensity transmitted through
the ITO glass substrate is 74.2 mWcm 2.
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Figure 8. (a) Dependence of fill factor (FF) on the Cgo:H2Pc i-interlayer thickness (X) for
p-i-n cells incorporating Cgo purified three times by single-crystal formed sublimation
(black open dots) and for p-i-n cells incorporating Cgo purified by conventional train
sublimation under vacuum (red open squares); (b) Dependence of short-circuit photocurrent

density (Jsc) on X.
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Figure 9. (a) Spectral dependence of the internal quantum efficiency for a cell with
X = 960 nm; (b) Spectral dependences of the light absorption ratio of cells with
X =180 nm (curve A), 600 nm (curve B), and 960 nm (curve C); (c) Photograph of cells
with X = 180 nm (top) and 960 nm (bottom).
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Figure 9b shows the spectral dependence of the absorption ratio of the cells. For a thin Cgo:H2Pc
layer (X = 180 nm, curve A), a large portion of the visible light, especially around 500 nm, cannot be
absorbed due to the low absorbance of Cg. For an extremely thick Cgo:HoPc layer (X = 960 nm,
curve C), 95% of the visible light from 300 to 800 nm is absorbed. Figure 9c shows photographs of the
cells with X = 180 nm (top) and 960 nm (bottom). For X = 180 nm, the cell color is a transparent green,
i.e.,, a large portion of the visible light is not absorbed and therefore cannot be utilized. For
X =960 nm, the cell color is an opaque dark brown, i.e., almost all of the visible light is absorbed. The
most important feature of the present cells is the incorporation of an extremely thick (1 um) Cego:H2PC
co-deposited layer into the cell without decreasing FF. This allows the utilization of the entire visible

region of solar light.
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To evaluate the purity of the Cg crystals at the ppm level, secondary ion mass spectroscopy with a
Cs" ion source (SIMS, ULVAC-PHI, 6650M) was used. Figure 10 shows the negative ion mass
spectrum (a) and the depth profile (b). Most of the peaks are assigned to carbon (C;, C,, etc. and their
isotopes). As impurities, only oxygen (O) and hydrogen (H) were detected. The intensity of 10" in the
depth profile corresponds to the detection limit for the elements. For O atoms, the detection limit
corresponds to a concentration of about 8 x 10*° atoms/cm® [22]. Taking this value into account, we
conclude that the purity of the Cgo has reached at least seven-nines (99.99999%, 7N) [23]. The main
impurity is revealed to be oxygen. Cg molecules interacting with oxygen seem to be the main
impurities. Oxidized Cgo (Cs0Ox) has been reported to act as an electron trap [24]. It is probable that the
absence of CgOy traps greatly enhances the electron diffusion length (L = (Do)*?; D: diffusion
coefficient, z: electron lifetime) by increasing the lifetime (z).

Figure 10. Negative ion mass spectrum (a) and depth profile (b) of SIMS measurements
for Cg crystal purified three times by single-crystal sublimation.
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The overall results in this Section suggest that both high-purification and phase-separation are
necessary to fabricate 1 pum-thick Cgo:H,Pc co-deposited cells.

5. pn-Control by Doping
5.1. Background

Organic semiconductors have been recognized as being affected by unintentional contamination
from impurities that act as donors, acceptors, traps, etc. Uncontrolled impurities due to incomplete
purification and due to contamination from air hid the real nature of organic semiconductors for a long
time. A typical example is oxygen. Since oxygen from air, which acts as an acceptor impurity, is doped
in many kinds of organic semiconductors such as phthalocyanines, they always show p-type character.
The prevention of exposure to oxygen by the use of ultra-high vacuum during film deposition and
subsequent measurements has revealed that phthalocyanines are fundamentally n-type in nature [25,26].
A few exceptional kinds of organic semiconductors, such as perylene pigments (for example Im-PTC
(Figure 3)) that are not affected by oxygen even in air show n-type character.
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Though impurity doping into organic semiconductors has already been studied, the types of dopants
that were used were very limited. As acceptor dopants, halogen vapors, such as 1, or Br,, were
used [27,28]. After Bro-doping, perylene pigment changed its conduction type from n- to p-type, and
pn-homojunctions could be formed [29]. On the other hand, as donor dopants, there were few choices
except alkaline metals, such as Na and Ca, which are easily oxidized in air.

In the last decade, however, due to spin-offs from organic EL technology, several new kinds of
dopants have been identified, firstly for the carrier injection layers. As acceptors, organic dopants such
as F,-TCNQ [30,31] and inorganic dopants like MoOs, V,0s, etc. [32,33] were found. In terms of
donors that are relatively stable in air, Harada et al. found a Ru-complex and applied it to fabricate
pn-homojunctions in zinc phthalocyanine [34,35] and pentacene [36]. Recently, compounds of alkaline
metals, such as Cs,CO3 [37,38], and Co-complexes [39] acting as donor dopants have been identified.
Progress in the search for dopants for organic semiconductors is summarized in reference [40].

We believe that the following points are indispensable for the complete pn-control of organic
semiconductors. (a) a ppm-level doping technique should be applied to sub-ppm purified organic
semiconductors; (b) Complete pn-control, i.e., the observation that every single organic semiconductor
shows both n- and p-type characteristics by impurity doping alone, should be proved; (c) Uncontrollable
doping by oxygen and water from air should be completely avoided to obtain reproducible results;
(d) For organic solar cell applications, the doping technique should be applicable not only to single
organic semiconductor films, but also to co-deposited films that have D/A sensitization capability.

5.2. Method of ppm-Level Doping

Organic semiconductor samples of at least 7N purity were used. Cg (nano purple TL, Frontier
Carbon, Tokyo, Japan), H,Pc (Fastogen Blue EP-101, Dainippon Ink and Chemicals, Inc., Tokyo,
Japan), and 6T (sexithiophene; Tokyo Chemical Industry, Tokyo, Japan) samples were purified by
growing single-crystals by sublimation, as mentioned in Section 4.1. MoOj3 (Alfa Aeser, 99.9995%)
and V,0s (Aldrich, 99.99%), and Cs,CO3 (Aldrich, 99.995%) were used as dopants for acceptors and
donors, respectively (Figure 11a).

Figure 11. (a) Three-sources co-deposition. MoOs; and V,0s acting as acceptors and
Cs,COg3 acting as a donor were doped into the HyPc:Cso (1:1) co-deposited film; (b) An
example of the total-thickness signal from the QCM vs. time relationship for 9 ppm doping.
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Multiple component co-evaporation techniques were employed to simultaneously evaporate organic
semiconductors and dopants. In the case of doping into single organic semiconductor films, a
two-component co-evaporation technique was employed. In the case of doping into Cgo:H2Pc and
Ce0:6T co-deposited films, a three-component co-evaporation technique (Figure 11a) was employed.
An oil-free vacuum evaporator (ET300-6E-HK, EpiTech Inc., Kyoto, Japan) was used for co-evaporation
on indium tin oxide (ITO) glass substrates at a chamber pressure of 10 Pa.

Precise monitoring of the deposition rate using a quartz crystal microbalance (QCM) equipped with
a computer monitoring system (ULVAC, CRTM-6000G/Depoview) allowed us to introduce the
dopants down to a very low concentration of 10 ppm by volume. Figure 11b shows an example of the
total-thickness signal for the QCM vs. time relationship as monitored by a PC display for 50 ppm
MoO; doping. There was a very slow cyclical fluctuation in the material due to temperature
fluctuations in the cooling water for the QCM caused by on/off cycling of the chiller. However, a
reproducible increase in the baseline (red line), which was only observed during MoOj3; evaporation for
a prolonged timescale of 3500 s, was observed (1.8 x 10°® nm s™%). The evaporation rate of the organic
semiconductors was maintained at 0.2 nm s . Therefore, a doping concentration of 9 ppm in volume
can be obtained (1.8 x 10°%/0.2 =9 x 10°°).

The Fermi level (Ef) of the 100 nm-thick organic semiconductor films was measured using a Kelvin
vibrating capacitor apparatus (Riken-Keiki, FAC-1). Both the evaporation chamber and the Kelvin
probe were built into a glove-box (Miwa, DBO-1.5) purged with N, gas (O, < 0.2 ppm, H,O < 0.5 ppm).
During the film deposition and the Er and photovoltaic measurements, none of the organic films were
exposed to air at any time. Removal of the influence of O, is indispensable for obtaining accurate E¢
measurements of organic semiconductor films. The Er values were easily perturbed if the organic films
were exposed to air even once, especially by the ingress of O, into the films, and then reproducible
results could hardly be obtained.

5.3. pn-Control of Single Cgo Films

In Figure 12, energy diagrams of the Cgo (left side) and MoOs (right side) films are shown. The
MoO3; showed a remarkably positive value of Er at 6.69 eV, which is more positive than the upper
edge of the valence band of Cg (6.4 €V), as determined by X-ray photoelectron spectroscopy [41,42].
The value of Er for non-doped Cg (black line) is located at 4.6 eV, near the lower edge of the
conduction band, suggesting that this film is n-type in nature. When MoO; was doped at a
concentration of 3000 ppm, the value of Ef shifted toward the positive direction and reached 5.88 eV,
which is close to the upper edge of the valence band (6.4 eV). This result strongly suggests that
MoOs-doped Cg is p-type.
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Figure 12. Energy diagrams of various organic semiconductor films. The black, red, and
blue lines show the energetic position of Er for non-doped, MoOs-doped, and Cs,CO3-doped
films. The doping concentration is 3000 ppm. Ef vales for MoO3; and Cs,COg3 films (100 nm)
are also shown.
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To investigate the kinds of interactions that occur between Cgo and MoQg, the absorption spectra of
a co-deposited film with a ratio of 1:1 were obtained. Though single films of MoO3 and Cg are
transparent and weak-yellowish transparent respectively, a new strong absorption from 500 to 1800 nm
appeared for the co-deposited MoO3:Cg (1:1) film and the film color changed to black (Figure 13, left
upper photograph). This new absorption can be attributed to charge transfer (CT) absorption between
Ceso and MoOs. Absorption spectrum of CT band is appeared in reference [43]. Based on the energy
diagram (Figure 12), it is reasonable to infer that MoO3 extracts electrons from the valence band of
Ceo. The left-middle figure in Figure 13 shows the mechanism of p-type Cgo formation. A CT complex,
i.e.,, Ceo” — MoOs, is formed. Here, the negative charge on the MoOs; group can be regarded as a
spatially-fixed ion, i.e., an ionized acceptor. On the other hand, the positive charge on Cg" can be
liberated from the negative charge on the MoO3 by heat energy at room temperature, and can migrate
into the Cg film and act as a free hole in the valence band of Cg. This increase in hole concentration
causes the large positive shift of Er that is observed (Figure 12). This is a process similar to the
formation of free holes in p-type silicon (Figure 13, left lower). V,Os was also confirmed to act as an
acceptor in Ce.
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Figure 13. (Upper) Photographs of Cg:M00O3 (1:1) (left) and Cgp:Cs,CO3 (10:1) (right).
Strong CT-absorption was observed. (Middle) Mechanisms of p- and n-type Cgo formation
by MoOs3 (left) and Cs,COs (right) doping. (Lower) Corresponding mechanisms of p- and
n-type Si formation by B (left) and P (right) doping.
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For the 3000 ppm Cs,CO3s-doped Cgo film, the value of Ef shifted negatively to 4.40 eV, which is
close to the lower edge of the conduction band (CB) of Cg (4.0 eV) [41]. A thick co-deposited film of
Cs0:Cs2CO3 in the ratio 10:1 changed color to reddish-brown (Figure 13, right upper photograph), i.e.,
it showed a new broad CT absorption. Since the work function of Cs,CO3 (2.96 eV) is more negative
than the conduction band of Cg (4.0 €V), it is reasonable that Cs,CO3 donates an electron to Cgp and
forms a CT complex, i.e., Cgg — Cs,COs". The formation of n-Ceo by Cs,COs doping is caused by the
opposite mechanism to MoOj3; doping (Figure 13). The donor ability of Cs,CO3 did not disappear even
after exposure to air.

5.4. pn-Homojunction Formation in Single Cgo Films

Since both p- and n-type Cgo Were formed, we tried to fabricate pn-homojunctions in the single Cgo
films [44,45]. Three types of cells with different thickness combinations of p- and n-doped layers, i.e.,
250/750 nm (a); 500/500 nm (b); and 750/250 nm (c) were fabricated (Figure 14). The total thickness
of the Cgo was maintained at 1 um for all cells. Figure 15 shows the action spectra for the three types
of cells. Under irradiation onto the ITO electrode (Figure 14a, hv(ITO)) and with the homojunction
located at the ITO side (Figures 14a and 15a, curve A), photocurrent mainly appeared between 400 and
500 nm, which corresponds to the visible absorption region of the Cg film (black curve). For the
homojunction at the center of the cell (Figures 14b and 15a, curve B), the photocurrent decreased and
shifted to longer wavelength and the main peak was located at the edge of the Cgo absorption. Finally,
for the homojunction on the Ag side (Figures 14c and 15a, curve C), the low magnitude photcurrent
shifted to a wavelength far longer than 500 nm, where there is little Cgo 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 occurs mainly in the neighboring regions of the p/n-doped interface
(active zone) and that, by retracting this homojunction from the light-irradiated ITO surface, a dead
layer is gradually grown in front of this active zone.



Electronics 2014, 3 366

Figure 14. Three structures of pn-homojunction Cg cells. The thickness combinations of
the MoOg3- and Ca-doped layers are 250/750 nm (a); 500/500 nm (b); and 750/250 nm (c).
The concentration was kept at 5000 ppm for both dopants. Hv (ITO) and hv (Ag) denote
light irradiation onto the ITO and onto Ag electrodes, respectively. The locations of the
homojunctions are indicated by the arrows.
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Figure 15. Action spectra of the short-circuit photocurrent density (Js) under irradiation
onto the ITO electrode (a) (hv(ITO)) and onto the Ag electrode (b) (hv(Ag)). Curves A, B,
and C are for cells (a); (b); and (c) in Figure 14, respectively. The black curve shows the
absorption spectrum of the Cgo film (150 nm). The monochromatic light intensity irradiated
to the electrodes is around 3 mWem .
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Under light irradiation onto the Ag electrode (Figure 14, hv(Ag)), the homojunction approaches the
illuminated electrode in the order of cells (a); (b); and (c). In this case, completely the reverse
tendency, namely, an increase in the magnitude of the photocurrent and a shift towards shorter
wavelength of the action spectra, were observed (Figure 15b, curves C, B, and A). This means that the
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dead layer between the active zone and the illuminated Ag electrode gradually disappeared. Apparently,
the photoactive zone moves together with the homojunction. Even if the Ca donors were substituted
with Cs,COj3 donors, fundamentally the same result was obtained. Since the width of the depletion
layer pn-homojunction at the present doping concentrations of 5000 ppm MoO3/5000 ppm Cs,COg is
calculated to be only 29 nm, which is far smaller than the total cell thickness of 1 um, a strong
masking effect (Figure 15) was observed.

In Figure 16, the energy structure of a pn-homojunction (doping concentration: 3000 ppm
Mo0O3/500 ppm Cs,CO3) as measured by Kelvin-band mapping (see Sections 5.6 and 6.3) is shown.
Since there is a significant difference in Eg, a built-in potential can be created by contacting the
MoO3- and the Cs,COgz-doped Cego films (Figure 12, left side). As a result, a pn-homojunction is
formed. The observed direction of the photovoltage, whereby 1ITO/MoOs3 is positive and BCP/Ag is
negative, is consistent with this energy structure. The present results clearly show that
pn-homojunctions were fabricated in the single Cg films by doping alone. In other words, the
photovoltaic properties of organic semiconductor films could be intentionally designed by doping. We
also confirmed the formation of pn-homojunctions for metal-free phthalocyanine (H,Pc) [46].

Figure 16. Energetic structure of pn-homojunction formed after contact measured by
Kelvin band mapping. The doping concentrations of Cs,CO3; and MoO3; are 500 ppm
and 3000 ppm, respectively.
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5.5. Generality

As shown in Figure 12, other than fullerenes (Cgo and C;o), complete pn-control was accomplished
for various phthalocyanines (HzPc, ZnPc CuPc, PbPc), other photovoltaic organic semiconductors
(rubrene, sexithiophene (6T), pentacene, DBP), and hole transport materials (CBP). In exceptional
cases, due to the energy relationship, only p- and n-type control could be accomplished for TPD and
electron transport material (NTCDA), respectively. These results strongly suggest that, in principle,
almost all single organic semiconductors can be controlled to both n-type and p-type by doping alone,
similar to the case of inorganic semiconductors. For the cases of Cgo, H2PcC, ZnPc, pentacene, and CBP,
pn-homojunctions were formed [34,36,38,44,46].
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5.6. Band Mapping by Kelvin Probe

The concentrations of carriers created by doping can be evaluated by using the Kelvin vibrating
capacitor method [47,48]. Figure 17 shows the principle of band mapping by Kelvin probe. When
p-doped organic semiconductors are in contact with ITO electrodes, the Er values are aligned.
Accordingly, the vacuum level (Evac) is bent upward and the value of the work function, which is
defined as the difference between Eyac and Er (red double arrows), changes with the thickness of the
films. Thus, the band-bending can be directly mapped (Figure 17, lower) by measuring the work
function using a Kelvin probe for changing thicknesses of doped films (Figure 17, middle). Since the
band-bending gives the depletion layer width (Wgep) and the built-in potential (Vyi), the carrier
concentration (N) can be obtained by using the following equation; Wgep = (2ee0VileN) 2. Here, ¢, ¢o,
and e are the relative dielectric constant, the dielectric constant of a vacuum, and the elementary charge.

Figure 17. Principle of band-mapping by Kelvin probe. An interface between an ITO and a
p-type semiconductor film is shown. Work function values (middle figure) corresponding
to the double red arrows (lower figure) depending on the thickness of the organic
semiconductor film were measured by Kelvin probe. Ey., Er, CB, and VB denote the
vacuum level, the Fermi level, the conduction band, and the valence band, respectively.
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Figure 18 shows the dependences of the work functions of the doped Cgo films on the film
thicknesses. In the case of Cs,COs-doping, the work function was shifted toward the negative direction
and reached close to the lower edge of the conduction band (CB) (3.9 eV) (triangular dots). In the case
of MoOg3-doping, the work function was shifted toward the positive direction and reached near the
upper edge of the valence band (VB) (6.4 eV) (circular dots). For both dopants, as the doping
concentration increased, the film thickness at which the shift in the work function finished became
thinner, and the magnitude of the energy shift became larger. Namely, Wye, decreased and Vp;
increased. These band-bendings can be fitted by quadratic curves (Figure 18, solid lines) based on the
Poisson equation, and the values of Wge, and Vi can be precisely determined. For example, in the cases
of the n- and p-type band-bending of Cg films doped with Cs,CO3 (500 ppm) and with MoO3;
(5000 ppm), electron and hole concentrations of 2.5 x 10* c¢cm™ and 9.6 x 10*" cm™> [49] were
obtained, respectively, from Wge, values of 24 nm and 21 nm and Vy; values of 0.29 V and 0.87 V
using a € value of 4.4 for Cg [50].
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Figure 18. Work function shifts in Cg films doped with Cs,CO; and MoO; on ITO
substrates (triangular and circular dots). Band-bending was fitted by a quadratic
relationship based on the Poisson equation (solid curves).
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Figure 19a shows the dependence of carrier concentration on the doping concentration.
When the Cs,COs-doping concentration increased, the electron concentration rapidly increased and
reached 10* cm™ at a doping concentration of 10,000 ppm. On the other hand, when MoO3 was used
as the dopant, the carrier concentration showed a minimum value, i.e., 4.3 x 10" cm > at 500 ppm, and
the hole concentration increased and reached 2.7 x 10" cm™ at 10,000 ppm. The minimum carrier
concentration at 500 ppm with MoOs-doping suggests that the holes created by MoOs-doping
compensate the inherent n-type nature of Ce.

Figure 19. Dependence of carrier concentration (a) and doping efficiency (b) on doping
concentration of Cs,CO3 or MoO:s.
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Figure 19b shows the doping efficiency, which is defined as the ratio of the induced carrier
concentration to the doped molecular concentration. The doping efficiencies of Cs,COs- and
MoOs-doping are about 10% and 3%, respectively. The doping process can be explained by the
formation of a CT-complex and its subsequent ionization (Figures 13(middle) and 20b). Thus, the
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doping efficiency is expressed by the product of the rates of CT complex formation and ionization. In
the case of Cs,COs, since Cs,COj3 is a substantial molecule, by assuming that Cs,CO3; evaporates
molecularly and the rate of CT complex formation with Cg is close to unity [51], the observed doping
efficiency of 10% can be regarded as the ionization efficiency, which is significantly smaller than
the value of 100% obtained for the donor dopant P in Si at room temperature. The orbitals of the
electrons around the positive charge on the ionized donor in the cases of P-doping in Si (a) and of
Cs,CO3-doping in Cgp (b) are shown in Figure 20. Based on the fact that the € value of Si is 11.9, the
radius of the orbital of the electron around the positive charge of an ionized donor (P") is calculated to
be 3.3 nm. This situation is fundamentally the same to the Wannier exciton (Figure 1la) and the
electron is easily liberated from the positive charge by thermal energy at room temperature, and thus
the ionization efficiency reaches unity (Figure 20a). The only difference to the exciton is that the
positive charge is spatially fixed in the crystal lattice [52]. In the case of Cs,CO3-doping in Cg, Since
the ¢ value of Cg is 4.4, the electron experiences a stronger attractive force from the positive charge.
The radius of the Frenkel exciton is only 0.5 nm for Cg (Figure 1b). However, a CT complex is
formed by employing Cs,COs-doping, i.e., [Cs2CO3™—Cqo ] and the charges are separated on the
neighboring molecules (Figure 20b). This situation is fundamentally the same as the CT exciton
(Figure 2b) and the negative charge on Cgo can be liberated by thermal energy at room temperature.
Thus, significant values for the ionization efficiencies of electrons of about 10% were observed,
though they were lower than the case of Si.

Figure 20. Orbital of an electron around a positive charge on an ionized donor.
(a) P-doping in Si. P* is represented by the red shaded circle. This situation resembles the
Wannier exciton (Figure 1a); (b) Cs,COs-doping in Ce. Cs,CO3" is represented by the red
shaded circle. This situation resembles the CT-exciton (Figure 2b).
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In the case of MoQOs, a doping efficiency of 3% was obtained under the assumption that MoOj3
forms the trimer (Mo3Og) [53]. Though a similar mechanism to that in Figure 20b can also be applied
in this case, in addition, the formation of larger MoOy clusters lowers the efficiency of CT-complex
formation, which seems to lower the total doping efficiency.
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5.7. Organic/Metal Ohmic Junction

It is very important to make the two organic/metal contacts in 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 similar to that on heavily p*- or n'-doped inorganic semiconductors [40,54,55].
Here, + means heavily doped. Moreover, an ohmic contact can be formed irrespective 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 flexibility in the design of the cell structure.

Figure 21. Structures of invertible two-layered H,Pc/Cgo cells with heavily-doped
organic/metal interfaces. For the cells in (a,b), photogenerated holes and electrons are
extracted to ITO and Ag, and to Ag and ITO, respectively. The total thicknesses of
the H,Pc and Cg films are kept the same; (c,d) Current-voltage (J-V) characteristics for the
cell (a,b) (red curves). The blue curves are for cells without heavily doped interfaces. The
photocurrent and the dark current are shown by the solid and broken curves, respectively.
The ITO electrode was irradiated with simulated solar light (AM1.5, 100 mWcm ).
Cell performances: (a) Js: 3.38 mAcm 2, Vo 0.46 V, FF: 0.59, Efficiency: 0.91%;
(b) Js: 2.70 mAcm 2, Voo 0.43 V, FF: 0.49, Efficiency: 0.57%. Copyright® 2012 The
Japan Society of Applied Physics.
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As a test case, two-layer cells consisting of Cgo and H,Pc (Figure 21a,b) were examined [56]. The
electrode materials were ITO and Ag. Heavy doping of the order of 10,000 ppm (1%) and 50,000 ppm
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(5%) was applied to thin 10 nm regions close to the Cgp and HoPc/metal interfaces. Figure 21c,d shows
the current-voltage (J-V) characteristics for the cells with heavily-doped regions in Figure 21a,b (red
curves). For the cell in Figure 214, the fill factor (FF) reaches a value of 0.59 and clear rectification
characteristics can be seen with heavily-doped regions (red broken curve). Without the heavily-doped
regions (blue curves), however, FF is only 0.29 and the forward current is significantly suppressed. For
the inverted cell (Figure 21b), without heavily-doped regions (Figure 21d, blue curves), photovoltaic
and rectification behavior are scarcely perceptible [57]. However, with the heavily-doped regions
(red curves), the 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. Thus, H,Pc/Cg cells are invertible using this
interfacial heavy-doping technique.

Since electron extraction from Cg to the ITO electrode is crucial for the operation of the inverted
cell (Figure 21d (red curves)), we estimated the interfacial energy band structure of 1TO/10,000 ppm
Cs,COs-doped Cgo by Kelvin band mapping (Figure 22) (Section 5.6). There is a distinct barrier to
electrons with a height of 0.34 eV from the conduction band of Cg to the ITO. However, since the
band bends down steeply within 5 nm of the interface, photogenerated electrons can tunnel through
this barrier. Heavily-doped Cgo acts as an n*-type semiconductor and makes the n*-Cgo/ITO junction
ohmic. Organic/metal ohmic junctions can be fabricated by making tunneling contacts with heavy
interfacial doping.

Figure 22. Energy structure for an 1ITO/n"-Cgo contact measured by Kelvin band mapping.
A tunneling junction for photogenerated electrons is formed. Copyright® 2012 The Japan
Society of Applied Physics.
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6. pn-Control of Co-deposited Films by Doping
6.1. pn-Control of Co-deposited Films

Co-deposited films consisting of D/A organic semiconductors are essential in order to generate
photocurrent densities of significant magnitude based on the dissociation of excitons by the
photoinduced electron transfer process (Figures 2b and 4). So, for the application of this doping
technique to organic photovoltaic cells, doping should be performed by regarding a co-deposited film
consisting two kinds of D/A organic semiconductors as a single semiconductor. We believe that the
formation of a built-in potential by direct-doping in the bulk of co-deposited films, where the
generation and transport of photocarriers occurs, has the potential to enhance the efficiency of these
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cells [48]. Moreover, in these types of cells, short exciton diffusion length is no longer a factor that
limits cell performance.

Figure 23a shows the energy diagram for H,Pc:Cgy co-deposited films. With donor (Cs,COs)
doping, Er 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 Cgo conduction band (CBceo). Conversely, for acceptor (V20s) doping, Er has
shifted to 4.95 eV (orange broken line) and is close to the H,Pc valence band (VBugzpc). Clearly, the
conduction properties of the co-deposited films are controlled to both n- and p-type. It should be noted
that the Er shift occurs within the band gap of co-deposited H,Pc and Cg films, i.e., in between CBcgo
and VBuzpc. For n-type doping (Figure 23b), free carriers (electrons) are produced in both H,Pc and
Cso, and they relax to the conduction band of Cgo. Er is fixed to 4.22 eV and is constant throughout the
H,Pc and Cgo (green broken line). For p-type doping (Figure 23b), holes are produced that relax to the
top of the H,Pc valence band. Er is fixed to 4.95 eV and is constant throughout the H,Pc and Cg
(orange broken line). As a result, the shifts in Er are within the “bandgap of the co-deposited film”.
Thus, control of the doping in the co-deposited film was accomplished [58,59].

Figure 23. (a) pn-control of H,Pc:Cgy co-deposited films by doping. The Eg shift occurs
within the “bandgap of the co-deposited film”. (b) Mechanism of n- and p-type formation.
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6.2. Organic/Organic Ohmic Junction

pn-control technique of co-deposited films allows us to fabricate pn-homojunction in the uniform
co-deposited films. Lightly doped pn-homojunction is expected to act as the photovoltaic cells. On the
other hand, heavily doped n"p*-homojunction is expected to act as the organic/organic ohmic junction.
In this section, behavior of heavily doped n*p*-homojunction is mentioned.

Irrespective of whether we use single or co-deposited films, by making an n'p* heavily doped
double layer, organic/organic ohmic junctions can be fabricated [45,60]. Figure 24a shows an
n"p’-homojunction device fabricated in a Cg:6T co-deposited film. MoO3z and Cs,CO3z were heavily
doped (50,000 ppm (5%)) for the p* and n*-regions, respectively. Obviously, the n"p*-homojunction
showed good ohmic properties (Figure 24b).



Electronics 2014, 3 374

Figure 24. Organic/organic ohmic n*p*-homojunction (a) and its current-voltage characteristics (b).
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6.3. Tandem Cells Formed in Co-Deposited Films by Doping

Tandem organic solar cells were first reported by the authors in 1990 [61] and many types of cells
that connect two unit cells have been fabricated [62]. The tandem organic solar cell, in which two
single p*in*-homojunctions are connected by a heavily-doped n*p*-ohmic interlayer, were formed in
co-deposited films consisting of Cg and sexithiophene (6T) simply by doping [60]. Figure 25a,b show
the structures of a single p*in*-homojunction cell and a tandem cell connecting two p*in*-homojunctions
formed in co-deposited Cgo:6T films. The following cell parameters were obtained; Js; of 3.0 mA cm 2,
Voc 0f 1.69 V, FF of 0.47, and a conversion efficiency of 2.4% (Figure 25c, red curves B). Compared
with the single cell (Figure 25c, blue curves A), V. has doubled from 0.85 V to 1.69 V. Obviously, the
n"p*-homojunction in the tandem cell acts as an ohmic interlayer to connect the unit cells as shown
in Figure 24.

Figure 25. (a) Structure of a p"in*-homojunction cell fabricated in a Ce:6T co-deposited
film. A non-doped intrinsic Cg:6T layer is sandwiched between heavily doped p* and
n*-Ceo:6T layers; (b) Structure of a tandem cell connecting two unit p*in*-homojunction
cells via an ohmic n*p*-homojunction; (c) Current voltage (J-V) characteristics for a single
p*in*-homojunction cell (blue curves A) and a tandem cell (red curves B). The photo and
dark currents are shown by the solid and the broken curves, respectively. The ITO
electrode was irradiated with simulated solar light (AM 1.5, 100 mW cm2). The cell
parameters, i.e., Js, Voe, FF, and efficiency. Curve A: 4.5 mA cm 2, 0.85 V, 0.41, 1.6%.
Curve B: 3.0 mA cm ™, 1.69 V, 0.47, 2.4%.
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Kelvin energy-band mapping of the homojunctions was performed by measuring from both sides of
the homojunction. To illustrate the presence of a p*in*-homojunction, the Eg values for non-doped
Ce0:6T films on doped films were measured (blue curves A in Figure 26a,b). Er hardly changed and
maintained almost constant values on both the MoOs-doped film (Figure 26a) and on the Cs,CO3-doped
(Figure 26b). These constant E¢ values indicate that the non-doped Cgo:6T films act as insulators. As a
result, when a unit cell having the structure of MoOs-doped (50,000 ppm)/non-doped/Cs,COs-doped
(50,000 ppm), i.e., a p*/insulator/n®, is fabricated, the built-in electric field generated by the differences
in Er between the MoO3; and Cs,CO3; doped layers (5.6 — 4.4 = 1.2 eV) (see Figure 26a,b), Ceo:6T
thickness = 0 nm) are uniformly distributed across the insulating non-doped Cgo:6T film. Thus, two
pin*-homojunctions can be depicted in the front and back cells (Figure 27).

Figure 26. Energy level mapping of homojunctions using a Kelvin probe. The sample
structures and the dependence of the position of the Fermi level (Ef) on the thicknesses
of the non-doped or doped Cg:6T films are shown. (a) Non-doped (blue curve A) or
Cs,COs-doped (red curve B) deposited on a MoOs-doped Ceo:6T film; (b) Non-doped
(blue curve A) or MoOs-doped (red curve B) Cgo:6T film deposited on a Cs,CO3z-doped

Ceo:6T film.
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To illustrate the presence of an n"p*-homojunction, Er values for Cs,CO3z-doped films on MoO3-doped
films (red curve B in Figure 26a) and those for MoOs-doped films on Cs,COs-doped films (red curve
B in Figure 26b) were measured. All doping concentrations of MoO3; and Cs,COj3 are 50,000 ppm.
In the former case, a rapid negative shift in Er ended within 3 nm and reached the original Eg position
of Cs,COs-doped Cgo:6T (4.38 eV, see Figure 26b, Cg:6T thickness = 0 nm). In the latter case, a quick
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positive shift in Er ended within 15 nm and reached the original Er position of MoOs-doped Cgo:6T
(5.58 eV, see Figure 26a, Cg0:6T thickness = 0 nm). Based on these complementary observations, the
potential profile of the depletion layer of an n*p*-homojunction (Figure 27, red shaded region,
width: 18 nm) can be drawn.

Figure 27. Energy band diagram of the depicted tandem cell based on Kelvin probe
measurements (Figure 26). The red shaded region corresponds to the depletion layer for an
n"p’-homojunction acting as an ohmic interlayer. VB and CB denote the valence band and
the conduction band, respectively. The bands for Cg and 6T are shown by the black and
orange curves, respectively.
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The overall energy band diagram of a tandem cell is shown in Figure 27. In the case of the
p‘in*-homojunction cells formed in co-deposited Ceo:6T films, there are Cqo/6T hetero interfaces where
photoinduced electron transfer can occur throughout the whole of the cells. Thus, under light
irradiation, electrons and holes are photo-generated in both the front and back cells. Electrons and
holes that move toward the n*p*-ohmic interlayer neutralize each other due to recombination or
tunneling. This process is consistent with the observed photovoltaic properties of the present tandem
cell (Figure 25). It should be stressed that the present results proved that built-in potentials, like
homojunctions and tandem junctions, can be intentionally formed in bulk co-deposited films induced
by doping alone.

7. Conclusions

Factors that determine bandgap science for organic semiconductor films, namely, high-purification,
pn-control by doping, built-in potential design, and precise evaluation of doping parameters, have been
established. 7N-purification together with phase-separation by co-evaporant 3™ molecules allowed us
to fabricate organic solar cells incorporating 1 pum-thick co-deposited films. pn-control techniques by
impurity doping for both single and co-deposited films were established. A series of fundamental
junctions, such as Schottky junctions, pn-homojunctions, p*, n*-organic/metal ohmic junctions,
n*-organic/p*-organic ohmic homojunctions, and tandem cells were formed in single and co-deposited
organic semiconductor films by doping alone.

Since conductivity (o) is the product of the mobility (1) and the carrier concentration (N), i.e.,
o = eNp [e; electron charge], the cell resistance (o) can be reduced by increasing both N, by means
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of doping, and p, by means of phase-separation of the co-deposited film by using a co-evaporant 3"
molecule, Now, we are trying to combine doping with phase-separation [58].
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