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ABSTRACT

My Ph. D research is related to analysis and characterization of the carrier
behavior in organic solar cell (OSCs). The detailed researches can be divided
into two directions, the fundamental characterization and the application of the

analysis.

The first purpose of our researches is to study the carrier behavior inside the
multilayer organic devices with taking into account the dielectric nature of the
active organic layer. On the basis of the Maxwell-Wagner model we theoretically
analyzed the carrier relaxation and accumulation inside the organic multilayer.
The model showed the presence of the Maxwell-Wagner type interfacial
charging at the donor-acceptor interface of the organic solar cell (OSCs), which
was usually overlooked by other researchers. Moreover, both relaxation times
and accumulated charges density can be also calculated form the equivalent
model. In order to provide experimental support for our theoretical research, our
group has been developing a technique of the electric field induced optical
second harmonic generation (EFISHG) system. It is an optical laser system
based on the theory of second harmonic generation. By coupling laser signal
with the local electrical field, the generated second harmonic signal is
proportional to the intensity of the local electric field. Hence, this technique is
capable of directly probing electric field distribution inside the organic devices.
Moreover, we applied high frequency laser signal to the sample and thus
achieved real-time observation of electric field as well as carrier motion. With
this technique, we proved the presence of the Maxwell-Wagner type interfacial
charging. My contribution in this project is to apply this technique to the field of
the OSCs. We shifted the sample into 45°position and thus we can observe the



average electric field in the thickness direction. By realizing the particularity of
this technique, 1 have specially designed several experiments for its application
in the OSCs field. We studied the carrier behaviors under various external
conditions, such as external resistances, external biases and photo illumination,
by using this technique and theoretical model. Hence, the photo induced carrier
behavior inside the organic active layer was clearly probed by EFISHG
measurement and the experimental data were in good agreement with the
theoretical analysis. These results successfully demonstrate the influences of
dielectric nature to the organic devices.

The second part of my research is related to the application of our theoretical
model and technique to improve the performance of OSCs. In order to using our
study to improve the performance of the OSCs, we have designed several further
experiments with different OSCs samples. The results clarified the contribution
of the Maxwell-Wagner type interfacial charging to I-V characteristic of OSCs.
Firstly, the accumulated charges on the interfaces induce a recombination current
and consequently the photo current is depleted by this recombination current at
the interfaces. Meanwhile, the slow attenuation of this recombination current
also leads to the deterioration of the fill-factor of OSCs. Moreover, accumulated
charges require another external voltage V™ to assist photo-generated charges
from leaving the interface, which decreases the effective Voc. Hence, the
existence of interfacial charging deteriorates the performance of OSCs. For
solving this problem, we suggested two methods to suppress the interfacial
charging inside the OSCs. By employing exciton blocking layer of BCP and
charging blocking layer of CuPc, interfacial charge accumulation can be strongly
decreased and the 1-V performance of the OSCs was improved accordingly.
These results not only proved that dielectric nature of organic active dominates
the performance of OSCs, but also provided a possible way to further improve
the performance of OSCs. Modeling the prepared OSCs as a Maxwell-Wagner

effect element accounted for our experimental results.
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Chapter 1 Introduction of background

Overview

Much effort has been expended during the past two decades in the research
field of organic solar cell since it was proved to be a promising alternative to the
traditional silicon solar cells. Most of the researches focused on developing
photovoltaic materials and related device architectures since the donor-acceptor
heterojunction interface was demonstrated to be an effective exciton-dissociation
structure [1-8]. Quit recently, a German company, Heliatek, has achieved the
power conversion efficiency of 12%. This value is close to the level of real
application. However, it is still a long way to go for ultimate applications of a
large number of these devices in industrial field due to lots of formidable
obstacles such as operating instability, short lifetime even sealed with compliant
plastic films, and so on. The power-conversion efficiencies of organic
photovoltaic devices are dependent on three key processes: light absorption,
exciton dissociation, and charge collection. Among them, the interfacial carrier
behaviors, such as charge accumulation, carrier relaxation, also make great
contribution to output performance. Moreover, due to the low carrier mobility,

insulating performance of organic thin film is very significant. Hence, sometimes



the organic thin film in the solar cell sample can be considered as dielectric
materials. Up to now, understanding of interfacial carrier processes based on
dielectric physics is still not sufficient. This motivated us to study the

contribution of the dielectric nature in OSCs to the interfacial carrier processes.

In this chapter, the brief history and knowledge about organic electronics as
well as organic solar cell will be introduced. Meanwhile the detailed
characteristic of organic solar cell’s operation, including the short-circuit current,
open-circuit voltage and fill factors will be analyzed. In addition, the current
problems and critical feature of the organic solar cell were also discussed and

finally the scope of this thesis is summarized.

1.1 Organic electronics

1.1.1 Emergence of organic electronics

In today's industry field, the mainstream of electronics application is
dominated by inorganic materials, such as single-crystal, polycrystalline, or
amorphous silicon. These materials are the fundamental composition for
integrated circuits in all kinds of electronics products as well as the power
generation device for the solar cell industry. However, the fast development of
the silicon technologies was gradually slowed down due to the high cost of
fabrication and depleted innovation possibility. For solving the cost problem,

amorphous silicon, which has low cost for fabrication, is developed as a



candidate material for electronics and solar cell industry. One particular
advantage of amorphous silicon is that it can be deposited at very low
temperatures (as low as 75 degrees Celsius). The deposition can be conducted
not only on glass, but also many kinds of plastics, which makes it to be a
candidate for a roll-to-roll processing technique. Amorphous silicon is also
possible for large areas fabrication by using plasma-enhanced chemical vapor
deposition, which can leads to lower manufacturing cost [1-3]. Amorphous
silicon has been successfully applied for many electronic devices such as tin film
transistors or solar cell. However, for the application in the solar cell's field, the
low power conversion efficiency and time degradation is the strong limitation of
the amorphous silicon solar cell. Besides, the developments of the entire silicon
device are commonly restricted by the limited type of the materials, which

resulted in limited improvements methods and innovation possibility.

Under such circumstance, a new type of electronics is drawing more and
more attentions — organic electronics, which is considered as a possible
alternative for inorganic materials for its light-weight, flexible and low-cost.
Organic electronics uses conductive polymers, plastics, or small molecules to
build electronic components and devices that are conventionally made from
inorganic semiconductors such as silicon, gallium arsenide, etc. The important
historical events of the development of organic electronics are shown in the Fig.
1.1 [4-9]. The research of the organic electronics started form a long time ago.

But the intensive development happened within recent decades and the progress



of this field is getting more and more exciting. In recent twenty years, Organic
electronic devices have been studied tremendously and the application of such
devices concerned with many important technology field. Generally, organic
electronic devices can be divided into three categories: organic light-emitting
diodes (OLEDs), organic solar cells (OSCs), and organic thin film transistors
(OTFTs). The development of organic semiconductors was strong promoted in
the 1980s by a demonstration of efficient photovoltaic cell with bulk
heterojunction structure [10] Then fabrication of thin film transistors from
conjugated polymers and oligomers were also met significant success [4-6].
Another driving force is from the success of high-performance
electroluminescent diodes, which were fabricated through vacuum evaporation
[11] and conjugated polymers [12]. These recent advances in all these categories
was related to the many promising commercial applications such as inexpensive
photovoltaic cells, outstanding flat panel displays, and cheap yet high quality
large-area circuits and sensors. In fact, some fashionable consumer products can
already be seen on the market nowadays, such as cell phones, digital cameras,

and display panels.



In 1860 Henry Letheby produced a partly conductive material
n S by anodic oxidation of aniline in sulfuric acid.
Organic compounds could carry current. High
In 1950s conductivity of 1 S/cm was reported for a
derivative of tetraiodopyrrole.
polyacetylene can be oxidised with halogens to produce
In 1970s materials from insulating or semiconducting to highly
conducting.----Nobel Prize in Chemistry in 2000
Ching W. Tang built the first organic light-emitting
In 1980s diode and organic solar cell.
1 Technology for plastic electronics on thin and flexible
In 1990s plastic substrates was developed at Cavendish Laboratory
A broad range of electronics products were fabricated
In 2000s using the plastic electronics technology.

Figure 1.1: A brief history of organic electronics

One of the most important advantages of the organic electronics is the cheap

cost for fabrication. Production will be possible to be fabricated trough
roll-to-roll wet deposition processes, which deposit organic materials (mostly in
solution state) onto a sheet of flexible substrate, similar to how newspapers are
printed today. This allows for many devices to be fabricated at a much lower cost
than traditional methods for silicon device. Of course, the stability of organic
devices so far cannot compare with inorganic ones, but the low cost of
fabrication can make up to this defect. Secondly, the study and improvement of
the organic devices has a lot of potential due to the diversity of the organic
materials. Various physical properties such as the band gap and surface affinity

of organic devices can be controlled with the synthesis of new organic
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semiconductors. In the past, such controllability has been used to modify the
emitted colors of light from OLEDs by synthesizing different organic
semiconductors. People also make different semiconductors that respond
selectively to chemicals for sensing chemicals. In addition, the study of organic
electrons is on the basis of the inorganic electronics and therefore many
improvements methods for the inorganic devices can also applied to the organic
electronics and thus. For example, people have tried to a useful stack multiple
photoactive layers with complementary absorption spectra in series to make a
tandem OSCs and the same method was used for amorphous silicon solar cell for
using the radiation more effectively [13-15]. Because organic materials had
several key advantages compared to silicon materials, the research of organic

electronics draws great interest in both academia and industry fields.

Nowadays, we know that the most commercial applications for the organic
electronics are belong to the application of OLEDs and many famous Japanese
companies, such as IDEMITSU, TOSHIBA and so on, have already achieved a
series of completed products and OLEDs possessed a substantial marketing share
in the field of illumination. Meanwhile, other applications using OFETs and
OSCs are expected to follow in the near future. For the study of OEFTSs, it has
been found that pentacene based OFET has reached the level of mobility similar
to amorphous silicon, which is widely used to drive display technologies.
Meanwhile, the power conversion efficiency of OSCs has been increased every

year and it will sooner approach the level for the real application. In general, the
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performance of small molecule organic materials is better than that of polymer,
and both of them have achieved impressive progress in the last two decades.
Many future uses of organic electronics have been presented by various
companies. In Japan, a series of world famous companies also consider organic
electronics devices as their next generation's main product and put a tremendous
effort in this field. Both Toshiba and Sumitomo Chemical Corp have their own
research center specially target at the development of next generation flexible
OLED or OSCSs. The Mitsubishi Chemical Company had kept the world record
of the highest power conversion efficiency of the OSCs for over one year. We
can expect that in the very recent future, organic electronics device can be the

strongest competitor of the traditional silicon device in every industry field.

1.1.2 Carrier transport in organic materials

To better explain the carrier behavior in organic materials, we can start with
the carrier behavior happened in the more common case, namely inorganic
materials. In inorganic semiconductor, such as silicon or germanium, the strong
coupling between the constituting atoms and the long-range order leads to the
delocalization of the electronic states and the formation of allowed valence (VB)
and conduction bands (CB), separated by a forbidden gap. As shown in the Fig
1.2, the key difference between semiconductors and conductors (like metal) is
that conductors have a natural overlap between their valence electrons and the

conduction band, while semiconductors have a noticeable gap between the two.
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In this case, the electrons inside conductors can produce a current under any

condition. On the other hand, the semiconductors require energy to excite the

electron from VB, in order to generate conductive ability. As the energy was put

into the semiconductor, electrons are promoted into the conduction band,

increasing the number of available conducting electrons. This energy can come

in the form of heat or illumination. By thermal activation or photo-excitation,

free carriers are promoted into conduction band, leaving behind positively

charged holes in the valence band. The transport of these free carriers is

described in quantum mechanical terms by Bloch functions, wave vector-space

and dispersion relations.

Conduction band

Large energy
gap between
two bands

Energy

Valence bandc

insulators

Small energy

Conduction band difference

and valence band
overlap each other

Conduction band

Conduction band

Valence bandc Valence bandc

Conductors Semiconductors

Figure 1.2: Energy band structure of different materials
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On the other hand, band theories are not absolutely suitable for organic
materials, even for some single-crystalline organic materials. The electrical
properties of organic semiconductors are based on the unusual properties of the
carbon-carbon double bonds. The carbon atoms comprising the double bonds can
form the so-called sp>-hybridizations where the sp®-orbitals form a triangle
within a plane and the p,-orbitals are in the plane perpendicular to it. A s -bond
between two carbons can then be formed by formation of an orbital overlap of
two sp®-orbitals [16, 17]. The energy between the occupied binding orbitals and
the unoccupied anti-binding orbitals is quite large and well beyond the visible
spectral range. Correspondingly, longer chains of bound carbon atoms would
have a large gap between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), leading to insulating
properties. Meanwhile, in organic materials, the intermolecular interactions in
the force of molecular bond (the so-called van der Waals forces) are too weak to
form 3D crystal lattices. The van der Waal bonds that hold organic molecules
together are on the order of 0.1 eV in contrast to 1 eV of covalent bonds resulting
in weak interactions of electron wave functions from adjacent molecules.
Besides, the molecular structure of the organic material is only ordered in
short-term, and disordered in long-term. Consequently the molecular LUMOs
and HOMOs do not interact strongly enough to form a CB and VB. Thus there is
no regular energy band in organic semiconductor for electrons to move smoothly.

In the sp*-hybridization, the p,-orbitals form additionally n-bonds. These bonds

-14-



have much smaller energetic between the HOMO and LUMO, leading to strong
absorption in or near the visible spectral range and to semiconducting properties.
In most case, the motion of carriers in organic semiconductor is described by
hopping transport between localized states, which is a phonon-assisted tunnelling
mechanism from site to site [18]. The hopping rate can be increased by external
electric field and temperature. The charge transport sites have a Gaussian
distribution of energies and are localized [19]. The shape of the density of states
(DOS) is suggested to be Gaussian based on the observed Gaussian shape of the
optical spectra [20]. Hopping transition can be generally illustrated as Fig 1.3 [21]
where the solid and dashed lines depict the carrier wave functions on sites i and j,
respectively; o is the localization radius. Accordingly, hoping transport of the
carrier means that charge carrier mobility in organic and polymeric

semiconductors are generally low compared to inorganic semiconductors.

Figure 1.3: lllustration of hopping transition between two localized states.[21]
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On the other hand, charge separation is more difficult in organic
semiconductors due to the low dielectric constant. We know that the dielectric
constant of the silicon is around 12. Meanwhile, the dielectric constants of
organic materials are usually around 2 or 3. The Coulomb force between
photo-generated electrons and hole are rather strong and make them hard to
separate automatically. In many inorganic semiconductors photon absorption
produces a free electron and a hole (sometimes called charge carriers), whereas
the excited electron is bound to the hole (at room temperature) in organic
semiconductors. This bounding condition is so-called exciton. Conjugated
polymers lie somewhere between the inorganic semiconductors and organic dyes.
In general, excitons are considered to be localised on specific chain segments.
However, there are cases where excitons seem to be delocalised. In these cases,
the excitons are referred to as polarons [22]. In simple OSCs devices and diodes
based on organic semiconductors the primary exciton dissociation site is at the
electrode interface (other sites include defects in the crystal lattice, absorbed
oxygen or impurities) [23]. This limits the effective light-harvesting thickness of
the device, since excitons formed in the middle of the organic layer never
reaches the electrode interface if the layer is too thick. Rather they recombine as
described above. Typical exciton diffusion distances are on the order of 10~20

nm.
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1.1.3 Organic solar cell

Recently, organic solar cells have received significant attention all over the
world, and many types of OSC have been proposed. The diversity and flexibility
of organic materials lead to many exciting and advanced new applications for the
further development of OSCs. The solar cell group currently on the market or
being developed can be briefly divided into two classes, inorganic solar cell and
organic solar cell, as can be seen in the Fig. 1.4. For the inorganic solar cell, the
mainstream is the silicon materials, which can provide rather high efficiency and
longtime stability. There are thin film and crystalline silicon solar cells, and
crystalline ones include single crystal and polycrystal types. Usually, silicon with
high purity is used as the basic material for crystalline solar cells, and therefore
high temperature fabrications are necessary for producing the raw silicon and
ingots. Thin-film silicon solar cells can be manufactured by plasma CVD using
silane gas, but they have lower efficiency than crystalline solar cells. Practical
applications of thin film solar cells that make use of compound semiconductors
such as copper indium gallium selenide (CIGS) and CdTe have come about to
eliminate these deficiencies. However, little progress has been made to reduce
energy and money cost for these inorganic solar cells because high temperature
and vacuum processes are inevitable. Moreover, the materials used for
manufacturing these devices are still limited resources, which means the

improvement methods for these devices are almost exhausted.
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As the development of the inorganic solar cell getting more and more
difficult, people try to explore some new field for the cheap and clean energy
generation. Accordingly, organic solar cell draws a lot of attention, since these
devices allow rather low cost for fabrication and full of improving possibility. Of
course, strictly speaking, organic solar cell has two kinds, one is the thin film
organic solar cell and another one is dye-sensitized solar cell. However,
dye-sensitized solar cell is a special kind. Dye-sensitized solar cells are devices
where a dye is absorbed into porous titanium oxide. Its working principle is
based on electrochemical reactions and the current is generated through
photo-induced ionization of electrolyte. There have been reports of efficiency
exceeding 10%. However, there are problems with liquids leaking since an
iodine solution is used, so they have still not become practical. For organic solar
cell’s study, the most of researchers are focusing on the thin film organic solar
cell and it is also our research topic. In this thesis, the organic solar cell (OSCs)

is referring to thin film organic solar cell.
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Crystalline, single
Silicon crystal, polycrystal
devices
Thin film,
__| Inorganic |__ amorphous silicon
materials
| Compound
Semiconductor | G2As, CIGS, CdTe
Solar cell |—
Thin Film | multilayer, blended
| Organic
materials

Dye-sensitized

Figure 1.4: The solar cell group currently being developed

OSCs are a new generation of solar cells, which can be a possible
alternative to inorganic solar cells for new energy generation. These devices have
for the last 2 decades received considerable attention as a possible choice for
photonic based electronics. The scientific and financial benefit for using flexible,
lightweight and cheap plastics as the solar cell (photovoltaic) material of choice
offers significant advantages to more traditional inorganic based ones. As shown
in Fig. 1.5, working principle of OSCs is similar to the organic light-emitting
diodes (OLEDs), but the direction of the energy transfer is reversed. OLEDs
generate light from electricity, but OSCs are devices that extract electricity with
exposure to the sun. The materials for these devices are usually selected as

conjugated polymers, for the fabrication can be conducted with low cost.
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Meanwhile, the small molecule materials require high temperature
manufacturing processes are also good candidates for OSCs fabrication but
usually for the academic field only. Classically, the optical properties of plastics
have huge potential, they can convert almost all light into energy (charge carrier
generation). The future target of the OSCs is high and stable power conversion
efficiency with low cost for fabrication. Meanwhile, plastic substrates can be

used for deposition and a common feature is the ease of making them flexible.

OLED
Electrode Electrode
OSCs
Electrode Electrode

Figure 1.5: A simple explanation of working principle of OSCs
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The standard form of an organic photovoltaic cell is based upon
sandwiching several thin semiconducting organic layers between two conducting
layers having different work functions. The higher work function conductors
typically used are gold or ITO, whereas the lower work function conductors are
typically aluminum or calcium. The detailed structure of the organic solar cell
can be briefly divided into three kinds, single layer, double active layers and bulk

heterojunction.

I Top electrode | | Top electrode |
Blocking layer Blocking layer

Top electrode

N - type
. e dispersed heterojunction
Single layer

P - type

Blocking layer

Bottom electrode | Bottom electrode |

Bottom electrode

() (b) (c)

Figure 1.6: (a) single layer OSCs (b)double-layer OSCs (¢) OSCs with blended active
layer

Single layer organic photovoltaic cells have the simplest of all the organic
photovoltaic cells. These cells are made by sandwiching a layer of organic
electronic materials between two metallic conductors, as can be seen in Fig. 1.6
(@). The difference of work function between the two electrodes leads to a
potential drop in the organic layer. When the organic layer absorbs light,
electrons and hole will be excited to the LUMO and HOMO, respectively and

excitons are generated. The potential created by the different work functions
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helps to separate the exciton pairs, pulling electrons and hole to the opposite
electrodes. The current and voltage generated through this process can be used to
provide output. As early as 1958, Kearns et al. reported the photovoltaic effect or
the creation of voltage of a cell based on magnesium phthalocyanine a
macrocyclic compound having an alternating nitrogen atom-carbon atom ring
structure (MgPh), which had a photovoltage of 200 mV. [25] Ghosh et al.
investigated the Al/MgPh/Ag cell, and obtained photovoltaic efficiency of 0.01%
under illumination at 690 nm. [26] However, using electric fields to separate the
exciton is not the best way. Therefore, single layer organic photovoltaic cells
usually have low power conversion efficiencies (<0.1%). Lacking of sufficient
force to break up the excitons, the electrons often recombine with the holes
rather than move to the electrodes. In order to solve this problem, the multilayer

organic photovoltaic cells were developed.

The second type of the organic solar cell is the double active layer OSCs.
This type of OSCs contains two different organic active layers as the main part
of the structure (see Fig. 1.6(b)). These two layers of materials have differences
in electron affinity and ionization energy. Therefore electrostatic forces, which
are generated at the interface between the two active layers, can be used to assist
exciton separation. In this case, the layer with higher electron affinity and
ionization potential is the electron acceptor, and the other layer is the electron
donor. A lot of work has been done to develop this type OSCs. C60 has high

electron affinity, which makes it to be a good electron acceptor for this type
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OSCs. Sariciftci et al. fabricated a C60/MEH-PPV double layer cell, which had a
relatively high fill factor of 0.48 and a power conversion efficiency of 0.04%
under monochromatic illumination.[27] For PPV/C60 cells, Halls et al. reported
a monochromatic external quantum efficiency of 9%, a power conversion
efficiency of 1% and a fill factor of 0.48.[28] While a critical step in inorganic
solar cells is to collect minority carriers before they recombine by having them
migrate to the opposite side of the junction, the challenge in organic cells is to
dissociate the excitons before they decay to the ground state; this requires that
they rapidly diffuse to the D/A heterojunctions, which is the only location where
dissociation is efficient in pure materials. Hence, the thickness of the organic

12 \where

layers has to be comparable to the exciton diffusion length L (L = (Dr)
D is the diffusion coefficient and t the lifetime of the exciton) [29, 30]. However,
usually an organic active layer needs a thickness of around 100 nm to absorb
enough light. At such thickness, only a small part of the photo-generated
excitons can reach the donor-acceptor interface and the rest parts are just

contribute to decrease of the conductance of the whole devices. To address this

problem, the third type of bulk heterojunction OSCs is designed.

For the OSCs with bulk heterojunction structure, the electron donor and
acceptor materials are mixed with each other, forming a blended organic active
layer (Fig 1.6(c)). If the length scale of the blend is similar to the exciton
diffusion length, most of the excitons generated in either material may reach the

interface, where they can be separated efficiently. Electrons move to the acceptor
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domains then were carried through the device and collected by one electrode,
and holes were pulled in the opposite direction and collected at the other side.
Bulk heterojunctions are fabricated via blending or codeposition methods. The
interpenetrating networks have proven to be very efficient exciton-dissociation
systems, especially for recently reported highefficiency polymer-based devices.
The exciton- and charge transport properties are altered after the formation of
bulk heterojunctions, since phase separation and film morphology play more
important roles compared to in the respective pure materials, so that the mixtures
might be considered as whole systems and their properties must be determined
after fabrication. This bulk heterojunction OSCs usually can offer us better
power conversion efficiency and higher output. However, the current path inside
these devices is indistinct and no clear existed in the devices, which means that
the interfacial carrier study is difficult to be conducted with this type of OSCs.
On the other hand, the second type of OSCs with double active layer is relatively
simple systems and the transport properties, crystalline order, and film
morphology can be preserved relatively well. Therefore, materials can be
characterized independently before device fabrication and the different
components can be substituted conveniently. Many valuable parameters can be
determined experimentally in these multilayer systems, since it possesses clear
interfaces and straightforward physical process. In this case, OSCs with double

active layer are well suited to the investigation of new materials and theoretical

-24 -



approaches for photovoltaic devices. Hence, in our study, we mainly focused on

the OSCs with multilayer structure.

1.2 Characteristic of organic solar cell

In this part, we will briefly introduce the characteristic and operation of
OSCs based on several important parameters of OSCs. Power conversion process
of OSCs is to convert light energy into electrical energy. The photo illumination
applied to OSCs leads to a generation of exciton and charge carriers, which
ultimately gives rise to photocurrent that can be used to drive an external load.
Current density—voltage (J-V) characteristics for a typical PV cell in the dark
and under incident illumination are shown in Figure 1.7 [31]. From the figure,
we can distinguish two important parameters, the short-circuit current density
(Jsc) and open-circuit voltage (Voc), under illumination. In addition, the points
of current and voltage (J, and Vy,, respectively) that correspond to maximum
power output. The operating range of the solar cell is therefore 0 < V < Vg,

where the device generates power. The fill factor (FF) can be calculated as

FF = —mn (1.1)

Then, the power conversion efficiency, np, is

IV _ JscVocFF

P R

e = (1.2)
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here Py is the power from illumination source. The detailed analysis of all

these parameters will be explained one by one in following part.
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Figure 1.7. Typical current density vs. voltage (J-V) curves of a solar cell in the dark
and under illumination. The various device parameters are also shown, including
open-circuit voltage (Voc), short-circuit current density (Jsc). The rectangular region in

the fourth quadrant indicates maximum power output. [31]

1.2.1 Short-circuit current Jsc

The photocurrent generated by an organic solar cell with photo-illumination
under short-circuit condition is Jsc. Jsc is dependent on the incident light
intensity and many other parameters. Basically, there are two factors that can
decide the performance of Jsc. One is the quantum efficiency of the organic
materials and another is the interfacial properties of OSCs. A solar cell's quantum
efficiency value indicates the amount of current that the cell will produce when
irradiated by photons of a particular wavelength. We can use the cell's quantum

efficiency (QE) to relate the photocurrent density to the incident spectrum. QE
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(E) illustrates probability that an incident photon with energy E will deliver one

electron to the external circuit. Then we can get the follow equation:
Jse = q[ bs (E)QE(E)dE (13)

where bs(E) is the incident spectral photon flux density, the number of photons of
energy in the range E to E+dE which are incident on unit area in unit time and g
is the electronic charge [32] . QE depends upon the absorption coefficient of the
solar cell material, the efficiency of charge separation and the efficiency of
charge collection in the device but does not depend on the incident spectrum. QE
and spectrum can be given as functions of either photon energy or wavelength, A.

The relationship between E and 4 is defined by:

hc
E=— 1.4
2 (L4)
where h is Planck's constant and c the speed of light in vacuum. A convenient
rule for converting between photon energies, in electron-\Volts, and wavelengths,
in nm, is E/eV = 1240/(2=nm). [32] It is therefore a key quantity in describing

solar cell performance under different conditions.

The interfacial properties of the OSCs also make great contribution to the
performance of Jsc. The interface of the electrodes decides the extraction of the
carrier from inside of the OSCs to the external circuit and certain surface
treatment can improve this extraction process. It has been reported that a

monolayer can induce some surface dipole moment, which can enhance the
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transport of the charge to the electrode. Meanwhile, smooth extraction of the
charges can also be achieved by reducing the barrier between the electrode and
organic active layer. The author’s group also proved that the interface between
organic active layers can also influence the Jsc. The charge accumulation would
happen on each interface inside the OSCs. This charge accumulation leads to the
consumption of the photo-generated carriers, which can also decrease the Jsc.
(See section 5.1) Therefore, how to establish a smooth internal environment for
charge transport is also a key point for OSCs study and a clear physical picture

of the carrier behavior may be helpful.

1.2.2 Photovoltaic effect and Voc

When excitons are created, electrons and holes must be separated from each
other so that they do not recombine and return their energy to heat or light. As
described in the previous section 1.1.2, photo-generated charge is very difficult
to be separated in organic materials due to the low dielectric constant. In order to
separate the exciton, we need to apply another electrostatic force to overcome the
Coulomb force between photo-generated electrons and hole. This electrostatic
force can be induced by the external electric field or the point defects inside
organic active layer. The most efficient method for exciton separation is to
employ the donor-acceptor interface to separate the exciton. The donor-acceptor
interface is formed by combining a p-type organic material and a n-type organic

materials together. These two layers of materials have differences in electron
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affinity and ionization energy. Therefore electrostatic forces, which are generated
at the interface between the two active layers, can be used to assist exciton
separation. Thus, excitons generated by photo-illumination diffuse to the
interfaces, such as donor-acceptor molecular-interface and double layer interface,
to separate into electron and holes. After that, electrons and holes are conveyed
to the opposite electrodes to generate photo-voltage. This is a basic carrier

process of photovoltaic effect.

Since the separation of exciton happening on the donor-acceptor interface, the
generated open circuit voltage is related to energy band structure of the adjacent
donor and acceptor materials. It has been report by several researchers that the
energy difference AEy,. between the HOMO of the donor and the LUMO of the
acceptor can decide the effective value of V. [33, 34] Based on the current
equation derived from the Shockley equivalent circuit of solar cells, an analytical

expression of the V. can be proposed here.

Under an applied voltage, or bias in the dark, a reverse current is presented
inside the OSCs. This reverse current is called the dark current (lgark(V )) which
flows across the device in the direction opposite with Jsc. Under such
circumstance, OSCs behave like a diode in the dark, admitting a much larger
current under forward bias (V > 0) than under reverse bias (V < 0). This
rectifying behavior is a feature of OSCs, since an asymmetric hetrojunction is
needed for exciton separation. For an ideal diode the dark current density Jgark(V )

varies like:
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Jian(V) = Jo(qu/kBT - (@15

where J, is a constant, kg is Boltzmann's constant and T is temperature in

degrees Kelvin.

The overall current voltage response of OSC, can be approximated as the
sum of the short circuit photocurrent and the dark current. With this

consideration the net current density in the OSCs is expressed as:

JV) =Jsc = JganV) = Jsc — Jo(qu/kBT -1 (1.6)

When the contacts are isolated, the potential difference has its maximum
value, the open circuit voltage V.. The same condition can be achieved when the

dark current and short circuit photocurrent are exactly equal to each other.

kT, J
Voo =?In(% +1) (1.7)

0

The detailed description about the constant J, can be obtained through
fitting technique coupled with experimental data of the temperature dependence
of the he reverse saturation current. Figure 1.8(a) shows one example of the
electrical characteristic of a pentacene/Cgy device in the dark within the
temperature range studied (275-336 K) [35] . Analysis of the data showed that it

could be best fitted with a thermally activated injection expression of the form:

- - AE
Jo:‘]ooexp‘%):JooeXp‘ﬁ) (1.8)
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where ¢, is the activation energy and Joo is a prefactor for the current. The
effective barrier ¢, can also be written as AEn, adjusted by an ideality factor n".

This ideality factor is induced by the effects such as energy level bending at the
heterojunction and interface dipoles and so on. As shown by the solid lines in Fig.
1.8(b), the reverse saturation current density of the dark characteristics can be
well fitted within the temperature range studied (275-336 K) with this model

using J00=3090 A/cm2 and with b g =0.55 eV. Combining the previous simple

expression of Voc (see Eq. (1.7)) with the expression of the reverse saturation

current density given by Eq. (1.9), the following equation can be derived:

eVoe = A —nkTIn{‘]OO} (1.9)
n

sC

If we consider the Coulomb force between photo-generated electrons and

holes, the equation can be write in the further form:

2
eV = AE{*L —nkT In{‘]oo}—q (1.10)
n

sc A7 &, Tpa

Therefore, we know that the Voc is decided by the energy difference AEn.
between the HOMO of the donor and the LUMO of the acceptor. However, if we
realize the dielectric nature of the organic active layer, the charge accumulation
happened on the interfaces would induce an electrostatic energy inside OSCs.
Accordingly, in order to transport charges from interface to top and bottom
electrodes, this electrostatic energy should be neutralized firstly, which lead to

the consumption of photo-generated energy. Thus, the Voc would be further
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suppressed by this energy consumption and this part will be described in the

section 5.2.
(@)
. Im
e
O
<
-
(b)
_ 10}
£
()
< 10°
ﬁc
10-7- PRl THNE VI VT T (R BN R TR
29 30 31 32 33 34 35 36 3.7
1000/T (K™)
Figure. 1.8: (a) Experimental J-V characteristics of pentacene/Cgo devices in

the dark. Current density can be seen to increase with temperature. (b) Jo

calculated at different temperatures by fitting the equivalent circuit model to the

experimental data plotted as a function of 1000/T and fit to the data [35].

1.2.3 Fill-factor

The fill factor is defined as the ratio of the actual maximum obtainable power

to the product of the Voc and Jsc. This is a key parameter in evaluating the
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performance and efficiency of solar cells. Typical commercial silicon solar cells
have a fill factor > 0.70, whereas OSCs usually have a fill factor (FF) < 0.6. The
analysis of the FF can depend on the common equivalent circuit of the solar cell.
The equivalent circuit can be seen in the Figure. 1.9. The J-V characteristic of an
illuminated solar cell can be described by this simple equivalent circuit, in which
a diode and a current source are connected in parallel. The solar cells power is
dissipated through the resistance of the contacts and through current loss
happened inside the device. In the equivalent circuit, these effects are equivalent
electrically by two parasitic resistances in series (Rs) and in parallel (Rp) with the
cell and the FF is influenced by these resistances of a solar cell. The influence of
these parameters on the J-V characteristic of the solar cell can be studied using
the equivalent circuit presented in Figure 1.9. The J-V characteristic of the
one-diode equivalent circuit with the series resistance and the shunt resistance is
described by (A is the area of the solar cell, V is the output voltage):

5 J{exp(q(v - AJRS))_l}rV —RAJRS g

1.11
KT o (L1

ph

The series resistance (R;) arises is related to the resistance in the path for the
current to flow across the cell, particularly focusing on contacts between the
front surface to organic active layer, and from electrodes resistance. Under
concentrated light or other conditions with high current densities, the problem of
Rs is more significant. The parallel resistance (R,) arises from leakage of current

through the cell, around the edges of the device and between contacts of different
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layers. It is a problem in poorly rectifying devices. The effect of Rs and R, on the
J-V characteristic is illustrated in Figure 1.10(a) and 1.10(b), respectively. In our
study, by realizing the dielectric nature of OSCs, we applied a different model to
the study, Maxwell-Wagner model. We are also proved the charge accumulation
on the interfaces of OSCs can bring significant influence to the FF and other
parameters. Maxwell-Wagner model can be briefly considered as more specific
illustration of the R, but it also reveal some special understanding about carrier
behavior of OSCs. The detailed explanation can be found in section 2.2.
Moreover, the charge accumulation happened inside OSCs would also alter the
output of OSCs, which results in the decrease of fill-factor. Especially, the
charging process happened on the electron donor-acceptor interface and its
contributions to the fill-factor of OSCs were usually overlooked by other

researchers. We offered detailed characterization about this point in section 5.3.
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Figure 1.9: Equivalent circuit
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Figure 1.10: (a) The effect of R on the J-V characteristic (R, keep unchanged)

(b) The effect of R, on the J-V characteristic (Rs keep unchanged) [36]

1.2.4 Challenge for OSCs

Organic semiconductors are a less expensive alternative to inorganic
semiconductors like Si. Also, organic molecules can be processed by techniques
not available to crystalline inorganic semiconductors. The superior material
properties of organic materials combined with a series of cheap fabrication
methods have made OSCs draw a lot of expectation in both academic and
industrial fields. Meanwhile, the development of the OSCs also meets with
several challenges. The current Challenges for organic solar cells are described

as follow:

1. Carrier behavior: The optical properties of organic materials have huge
potential for they can convert almost all light into energy (charge carrier or
exciton). However, the generated exciton can only travel very short distances
(typically 10-20 nm) and the mobility of the organic materials remains rather low.
All these carrier behaviors of OSCs, such as carrier generation, carrier transport
and carrier extraction, strongly influence the efficiency of photovoltaic (PV)
possess. The design for organic devices is consequently to build sufficiently thin
films with optimized structure to get the carriers out. For further improvement, a
clear physical picture of carrier behaviors in actual devices is needed in terms of

PV effect. This is also our group’s research target.
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2. Transparency: In order to increase the conductance of the OSCs, the
organic films inside OSCs are usually very thin. Thus light lost is very
significant due to transparency. One of the practical solutions to this problem can
be the use of antireflection coatings. Another possible way is to make a tandem
OSCs consisted of multiple photoactive layers with complementary absorption
spectra. Yang yang group in UCLA has reported a solution processed tandem
solar cell with certified 10.6% power conversion efficiency last year, which is the
first certified polymer solar cell efficiency over 10% [37] (sample structure can
be seen Fig. 1.11). However, both two methods are not perfect and some other
better ways to effectively reduce illumination loss is still being expected. On the
other hand, the structure optimization for a better utilization of the illumination
also results in more complicated device structure. In the meantime, the detailed
study related to the carrier behavior as well as the electrical phenomena induced
by these more complicated structures is still not sufficient. Therefore, a clear
physical picture of the carrier behavior in OSCs will be of help to further

improve the device performance.
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Figure 1.11: Sample structure of tandem solar cell with certified 10.6% power

conversion efficiency [37]

3. Degradation with air: OSCs based electronics require stringently
controlled lab conditions to minimize oxygen contamination in the polymers and
composites. Nowadays, for OSCs, the highest power conversion efficiency of
12% is achieved by a German company Heliatek this year, as shown in Fig. 1.12.
Before that, the world record was kept by a Japanese company Mitsubishi
Kagaku, which is about 11.5%. The development of the efficiency is fast enough
and it is quite possible that efficiency will soon reach the commercialized level.
However, the stability of OSCs, especially the stability in the open air, is still a
serious problem. This can be addressed by use encapsulation which is a
necessary additional fabrication technique in current devices. So the reliable

encapsulation technique is also an urgent problem for the development of OSCs
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Figure 1.12: New world record achieved by Heliatek (http://www.heliatek.com)

1.3 Motivation of the present study

As we can see in the above introductions, recently organic solar cells (OSCs)
have received significant attention all over the world, and many kinds of OSCs
have been proposed. Among them, there are several mainstreams: Among them
are bulk hetero-junction type OSCs, double-layer OSCs, single layer OSCs and
so forth [38, 39]. However, the real industrial application of these devices still
needs many further efforts. To accelerate the technology development of OSCs,
various aspects about these devices are under investigation. Basically, the
research of OSCs improvements can be divided into two groups. One group
researchers are focusing on the development of new materials and news
processes for OSCs. They hope to overcome the problems of OSCs, such as low
efficiency or short life time, by exploring some new technique or more efficient
materials. The other researchers pay more attention to the mechanism of OSCs

and photovoltaic effect. They are trying to clarify the operation principle of
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OSCs and thus conclude some optimization method for OSCs with only existing

materials and techniques. Our group is belonging to second part.

It is well-known that carrier processes, such as separation of excitons into
electron and hole pairs, life-time of carriers, and so forth, play a dominant role in
OSCs devices [40, 41]. However, the detailed understanding is somehow
insufficient in terms of interfacial carrier behaviors. In OSCs, excitons generated
by photo-illumination diffuse to the interfaces, such as donor-acceptor
molecular-interface and double layer interface, to separate into electron and
holes. After that, electrons and holes are conveyed to the opposite electrodes to
generate photo-voltage. This is a basic carrier process of OSCs, but in actual
devices the carrier process is very complex, owing to the ambiguity of interfaces,
the presence of carrier traps, the complexity of the carrier path, etc. In order to
improve the efficiency of OSCs, many ideas have been presented. Among them
are the development of new organic molecules with appropriate HOMO and
LUMO states, the use of blocking layers between electrodes and active layers of
OSCs, and so forth [31-33]. These efforts have made a contribution to increase
open voltage as well as short-circuit current of OSCs, and thus to improve the
efficiency of OSCs. However, the detailed study related to the carrier behavior as
well as the electrical phenomena induced by the introduction of different organic
layer is still not sufficient. Owing to the dielectric nature of organic materials,
accumulated charges at the interface due to the Maxwell-Wagner effect

significantly changes the potential distribution in OSCs, and results in the
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modification of the energetic. Therefore, direct probing of the electric field and
potential profiles in OSCs will be of help to understand carrier behaviors in

OSCs, and thus to improve the device performance.

We have been developing a technique of the electric field induced optical
second harmonic generation (EFISHG) measurement that is capable of directly
probing carrier motions and electric field distribution in organic devices, e.g.,
organic field effect transistors, organic electroluminescence devices, and organic
solar cells [42, 43], and could show the presence of the Maxwell-Wagner effect
interface charges at various interfaces. EFISHG technique can be a power tools

for the study of OSCs.

This motivated us to study the contribution of the dielectric nature in OSCs to
the interfacial carrier processes by means of the EFISHG measurement. In this
thesis, we prepared OSCs with both double and triple layer structures, and
studied the dielectric nature of OSCs by using the EFISHG measurement. Firstly,
we will demonstrate the capability of EFISHG for the application in the field of
OSCs. After that, we will prove the presence of charge accumulation at the each
interface of OSCs and the detailed variation principle of these charge
accumulations will also be characterized by using EFISHG coupled with
Maxwell-Wagner model. Finally, we will show that these accumulated charges
can significantly influence the performance of OSCs and offer several methods

to solve this problem. Modeling the prepared OSCs as Maxwell-Wagner effect
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elements accounted for our experimental results, and the possible methods for

improving the performance of OSCs has been concluded.

1.4 Objective and framework of this thesis

Organic solar cells have been considered as promising candidates for the next
generation power device, where low-cost and printable methods are available in
device fabrication. Accordingly, many kinds of OSCs have been proposed and
power conversion efficiency of OSCs has been improved year-after-year [31-40].
However, the detailed study related to the carrier behavior as well as the
electrical phenomena induced by the dielectric nature of organic active layer are
still not sufficient. Therefore, it is important to do some fundamental study of
carrier behaviors at the interface is needed in terms of photovoltaic effect,
because it typically dominates the behavior of organic solar cell as we have

showed in previous sections.

This thesis is organized in the following manner. For the convenience of the
readers, the detailed framework of the thesis is also presented in a flowchart as in

Figure 1.13.

In Chapter 1, a brief background and overview of organic electronics and
organic solar cell was given, including a brief historical of organic electronics
and mechanism of carrier transport in organic materials. After that, introduction
on detailed characteristic of OSCs was also included as they were the essential

part of the thesis and will be carefully discussed in later chapters. The challenges
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of the OSCs study as well as the motivation of the research are also introduced in

this chapter.

Chapter 2 presents physical models and experimental techniques employed in
this thesis. The Maxwell-Wagner (MW) model based on dielectric physics has
been selected as the fundamental element for the OSCs study. The MW model
can be applied to both double-layer and triple-layer OSCs sample. The MW
model is based on charge accumulation on the interface as a result of the
difference in the relaxation times of the materials, while both accumulated
charge density and time constant can be deduced by the model. This chapter we
also describes the techniques used in our experiments, many of which include
original concepts and improvements. First, the current-voltage (I-V)
characteristics of an OSCs are explained. Then the impedance spectroscopy (1S),
electric field induced optical second harmonic generation (EFISHG) techniques

for characterization of carrier behavior of OSCs are introduced in detail.

Having explained about the techniques and model, we then focus on using
them to investigate the carrier behaviors in OSCs devices in Chapter 3 and
Chapter 3. If you want to apply a new technique (EFISHG) to the study of OSCs,
you need to compare it with some well-accepted ones. Hence, we first
implemented the IS technique on the OSCs structure and observed the dielectric
performance of OSCs. Because this technique is based on carrier propagation,
contact resistance effects can be neglected. The equivalent circuit analysis using

Maxwell-Wagner effect model well accounted for the interfacial carrier
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relaxation observed by IS measurement. Later on, the EFISHG measurements
directly probed the interfacial carrier behaviors caused from the photovoltaic
effect. The results showed the suppression of the Maxwell-Wagner type carrier
relaxation in OSCs by applying a voltage corresponding to the open circuit
voltage Vo.. EFISHG measurement coupled with IS measurement provides a
clear physics picture of interfacial phenomena related to the photovoltaic effect

in OSCs.

Chapter 4 takes a look at two charging processes happened inside OSCs,
interfacial charging and electrode charging. It can be found that OSCs establish
its internal electric field through these two charging processes. By connecting
external resistance and external voltage biases to the OSCs, we showed that
EFISHG measurements effectively characterize transient carrier behavior in the
OSCs, in terms of photovoltaic effect. Thus, we can obtain a whole physical
picture about carrier behavior of OSCs under various working conditions. These
results well explained by the Maxwell-Wagner model based on dielectric physics

with taking into account the photovoltaic effect.

In order to using our study to improve the performance of the OSCs, we
designed several further experiments with different OSCs samples. In Chapter 5,
EFISHG results clarified the contribution of the Maxwell-Wagner type
interfacial charging to 1-V characteristic of OSCs. The existence of interfacial
charging deteriorates the performance of OSCs. For solving this problem, we

suggested two methods to suppress the interfacial charging inside the OSCs. By
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employing exciton blocking layer of BCP and charging blocking layer of CuPc,
interfacial charge accumulation can be strongly decreased and the I-V
performance of the OSCs was improved accordingly. Modeling the prepared
OSCs as a Maxwell-Wagner effect element accounted for our experimental

results

Lastly, Chapter 6 summarizes the thesis and proposes future prospects of this

work.
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Chapter 2 Theoretical models and experimental technique

This chapter is intended to give the reader a more detailed introduction of our
researches, from a wider scope of general knowledge of device physics to more
specific information such as the application of the theoretical model and the build-up
of the experimental system. Two physical models for explaining the charge carrier
transport and relaxation are presented and discussed, the Maxwell-Wagner (MW)
model with both double layer and triple layer system. The MW model is well-known
for physical explanation of charge accumulation on the interface and organic thin film
inside OSCs will be considered as dielectric materials according to this model. Hence,
at the beginning of this chapter, we discussed dielectric performance happened in
OSCs sample and clarified the difference between organic materials and inorganic
materials. In our experiments, MW models are used to explain the charge propagation
in multilayer systems represented with taking into account of photovoltaic effect and
the photo-induced carrier behavior can be analyzed by using dielectric physics. The
charge carrier propagation is a challenge in order to understand device physics in
organic electronics. This study is important for basic understanding to interface charge
propagation, i.e. dielectric physics of surfaces and interfaces. In other words,
modification of the effective dielectric properties we can design interface charge and
device behavior. In order to investigate the electrical properties, two conventional
techniques were applied such as current-voltage (I-V) measurement and impedance

spectroscopy (IS) and another novel technique which can directly observe the carrier
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propagation which is second harmonic generation technique (SHG). All the details of

these techniques are also explained in this chapter

2.1 Dielectric nature of OSCs

The photovoltaic process of the OSCs is started with the absorption of a photon,
which generates an exciton due to the high Coulomb force induced by the low
dielectric constant of organic materials. Exciton is staying at excited state. This
quasi-particle can move inside the organic layer through diffusion as long as
recombination processes do not take place. If the diffusion length is sufficiently long
to allow the exciton to meet an internal field, hole and electron separation occurs and
the charges are transported at their respective electrodes. This is the basic processes
happened inside OSCs. However, in real devices the photovoltaic process is very
complex, owing to the ambiguity of interfaces, the presence of carrier traps, the
complexity of the recombination process, etc. In order to further analyze the physical
processes of OSCs, a clear physical picture about OSCs and photovoltaic process

happened inside organic active layer is necessary.

In order establish clear physical model for analyzing the operation of an OSC, it is
useful to compare OSCs with conventional inorganic solar cells based on p—n junction
and to highlight their fundamental differences. When an p—n junction is formed from
two doped inorganic semiconductors, the carrier distributions and concentrations in
the materials under equilibrium conditions can be modeled and derived from the
semiconductors parameters and the properties of their interfaces with the

electrodes .[1, 2] The condition of invariance of the equilibrium Fermi level leads to
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the conventional band energy diagram used to describe a p—n junction in which the
energies of the valence band and conduction band are position dependent near the
junction (see Fig. 2.1(a)) [3] . The charge redistribution happens in the depletion
region and results in a built-in potential, which is confined to the vicinity of the
junction. For constant doping case, the electric field outside the depletion region
vanishes and energy band shows flat structure in the middle part of semiconductor, as
can be seen in Fig. 2.1(a).
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Figure 2.1: (a) energy band structure of semiconductor (b) energy band structure of

organic materials [3]

[llumination applied to the materials induces electron/hole pairs. The excess of
photogenerated electrons in the n-doped semiconductor and holes in the p-doped side
of the junction are negligible compared to the densities of majority carriers on both

sides at thermal equilibrium. In contrast, electrons and holes densities created in the

-53-



p-doped and n-doped semiconductors, respectively, are significant relative to the
densities of minority carriers at equilibrium in the dark. At the junction region, the
minority carriers are moving away through a drift process due to the junction potential.
In the flat band region away from the junction, the moving of the minority carriers is
mainly decided by diffusion. In such conditions, the photocurrent density of a
conventional inorganic solar cell can be derived from the minority carrier diffusion
equations obtained by combining the continuity and current equations with the
consideration of the boundary conditions and surface recombination velocities. For
the OSCs case, due to very low charge carrier mobility in organic materials, the
insulating performances of these materials were very significant (therefore they were
commonly used as insulating wires and so on since decades ago). Hence, unlike their
inorganic counterparts, charge redistribution and built-in potential do not only
concentrate in the depletion region and the electric field may cross the whole organic
layer, as can be seen in Figure 2.1(b). The Fig. 2.1(b) showed energy level diagram of
an organic heterojunction under illumination. IP(D) and EA(A) are related to the
ionization potential (HOMO level energy) of the donor molecular layer and the
electron affinity (LUMO level energy) of the acceptor molecular layer, respectively.
The difference between IP(D) and EA(A) determines the maximum open circuit
voltage (Voc) under illumination. The A arrows denote the energy offsets between the
ionization potential values (HOMO energies) and electron affinities (LUMO energies).
The interface between the donor and acceptor layers plays a role for excitons similar
to that played by the junction for minority carriers in inorganic cells. Since the organic
layers are sandwiched between electrodes with different work functions, a built-in

potential appears and results in an electric field that assists the transport of charges.[4]

-54 -



Thus, the electron and hole currents in the device under illumination after exciton

dissociation are governed by an interplay of drift and diffusion.[5]

On the other hand, a dielectric material is referring to an electrical insulator that
can be polarized by an applied electric field. When a dielectric is placed in an electric
field, electric charges do not flow through the material as they do in a conductor, but
only slightly shift from their average equilibrium positions causing dielectric
polarization [6]. Because of dielectric polarization, positive charges are displaced
toward the field and negative charges shift in the opposite direction. This creates an
internal electric field which reduces the overall field within the dielectric itself.[6] The
energy level diagram in Fig. 2.1(b) is a typical display of the potential distribution of
a dielectric materials, which means electric field travers the whole materials rather
than focuses only on the depletion region. The distribution of the built-in potential
inside the OSCs is studied many researchers, [7, 8, 9, 10], including our group. The
results all showed that the energy level diagram of OSCs corresponds to the banding
shape like Fig. 2.1(b) rather than Fig. 2.1(a), which indicates that the built-in potential
traverse the whole organic active layer. Here is one example of observed
cross-sectional potential distributions in the OSCs using Kelvin probe force
microscopy [7], as shown in Fig. 2.2(a) and (b). For the thick film's case, the total
energy level diagram is similar to the inorganic materials performance, suggesting
that potential drop mostly focuses on the depletion region and the middle part of the
materials shows almost flat energy bang banding. However, we also noticed that
thickness of the depletion region in that research is larger than 50 nm, which is close

to the usual thickness of a single organic active layer. Hence, this result provided a
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guideline for understanding the macroscopic device operation of OSCs and also

proved the dielectric performance of the OSCs.

In fact, it is well accepted that the OSCs cannot be treated using common
semiconductor model, but, at the same time, people also questioned if the dielectric
model is absolutely correct for the analysis of OSCs. The main reason may be
attributing to the insufficient evaluating technique. However, considering the low
carrier mobility and small thickness of the organic film in OSCs, it is necessary to
consider the dielectric performance of the devices. In our group, by realizing the
dielectric nature of the organic thin films, we applied a simple equivalent circuit based
on Maxwell-Wagner effect to the study of OSCs. Meanwhile, our self-designed laser
system can also provide some direct observation about the potential distribution and
carrier motion, which can support the analysis from theoretical model. The
Maxwell-Wagner model coupled with experimental measurements can offer some

clear understanding about device physics of OSCs.
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Figure 2.2: (a) The mean-field potential line-profile of the cross-sectional image and (b) the

corresponding energy band diagram after contacting of all layers. [7]
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2.2 Maxwell-Wagner model

2.2.1 Double-layer OSCs

The MW model is well-known for physical explanation of charge accumulation
on the interface [11, 12], and relies on the microscopic electrical properties of
materials. According to Maxwell’s electromagnetic field theory [1, 2], charge Qs is
accumulated at the interface between two dielectric materials with different relaxation

times given by (1=¢/c, whereeis the dielectric constant andois the conductivity) when

current I(t) flows across the two-material interface[13]. More precisely, Ve j=0

with J=Ec#0 is satisfied when steady state current density j flows across the

interface. Under this condition, the following relation concerning electric flux density

D is derived naturally at the interface:
£ .
VeD=Ve(cE)=Ve—j=0Q (2.1)
o

This is the Maxwell-Wagner effect, indicating that Qs is accumulated at the
interface when adjacent two materials have different relaxation times [14]. This
simple theory illustrates the possibility that charge Qs is accumulated at the

pentacene-SiO; interface when a charge is injected from source electrode.

In order to understand the charge accumulation and carrier transport in double-layer
OSCs, we used an equivalent circuit portrayed in Fig. 2.3, which well accounts for the
interfacial charging and discharging processes due to the Maxwell-Wagner effect.
Each layer is modeled using a paralleled circuit comprised of conductor (G1, G2) and

capacitor (Cy, C,). Two macroscopic physical parameters characterize organic thin
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film existed in OSCs. These are dielectric constant €3, and conductivity o,
respectively. The ratio &/c gives a relaxation time and stands for spreading time of
excess charge carriers in the materials. That is a steady-state charge distribution is
established after an elapsed time around t = &/c. Note that conductivity is in
proportion to carrier density n0, and give by ¢ = enop. The carrier density ng iS
generally intrinsic carrier density of materials at thermodynamic equilibrium.
According to the electro-magnetic field theory, total current flowing across organic
materials is sum of the conduction current and the displacement current. The current
density j of conduction current and displacement current is given by oE and dD/dt
with D = €E, respectively. Here E is electric field and D is electric flux density. The
charge transport in each organic film can be simply described by the drift of carriers
in the average electric field, on satisfying the square root of time dependence along

the direction of the electric field.

Vo_+

ax

~pentacene [

7

Figure 2.3: Model of OFET for Maxwell-Wagner effect
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Figure 2.4: C () and G (w)/w plots in frequency domain.

Due the relaxation time difference between two different organic layers, the
access charges would accumulate on the middle interface of the two layers according
to the Maxwell-Wagner effect. Based on the simplified model of the OSCs, we can

calculate the charges density on the top and bottom electrodes (Q; and Q) as follow:

cC, C

Q=-—5V-——-0Q
' C,+C,  C,+C 2.2)
sz C1C2 V o+ C1 Qs

C2 + Cl C2 +C1 (23)

In the equation 1.2 andl.3, the V. is the external voltage applied on the two
electrodes and the Qs is the charge density accumulated on the interface between the
organic and insulator layer. We can also define the value of the charge density on the
interface Qs using the equivalent circuits. As can be seen in the figure 2.3, the G, C,,

G, and C; are the unit conductance and capacitance of the organic and insulator layer.
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Q= VG-V, - (1,
G,+G, " G,+G, G,+G, (2.4)

On the other hand, the admittance Y of the double layer system is represented as

1
1 1 ;

+
Gl+ja)C1 GZ+ja)C2

Y=G+jeC=1-
Z

__GG, 4 (GC,-CG))’ . o’

with = 3 PR
G, +G, (G, +6G,) 1+ 7y,@

(2.5)

_ C,C, +(G1C2_Cle)2. Tonw
C,+C, (C,+C,)°} 1+7;,0°

and (2.6)

1 C,+C,
oy G, +G,

where a response time z,,,, =

According to the Maxwell-Wagner effect, charge Qs is accumulated with a response

time r,,, atthe interface between layers 1 and 2 [15]. Using the equivalent circuit of

Fig. 2(a), Qs (t) is derived as

t

Q1) = Q(0)L-exp(-—)I, 2.7)

Tvw

cC, C

when a step external voltage V,, is applied. Here Q,(w)= I°(G__al) with

2 1

V Glez

I, = :
c ex
G +G,

Eqg. (2) indicates that Qs (t) = 0 when%:% (7, =7,), whereas Q(t) #0when

1 2

C

1 2
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I is the conduction current flowing across the double-layer system.

717&&(11 # 7, ). Accordingly the 2nd terms of G and C in Eq. (1) are zero when



7, =7,, Whereas they are non-zero when 7, = z,. That is, the Maxwell-Wagner type
relaxation appears at the angular frequency m,,, =1z, in the IS spectrum, but it
disappears when z, =7,. Figure 2.4 plots the C (w) and G (w)/w near the frequency
of ,, , where C_ and Cy are the capacitance in the limit f ->0and f >,

respectively. Noteworthy that in actual devices there is a dielectric relaxation due to

charging onto electrode with a response time 7. =R C,, where C; is the total series

capacitance of the device, C, = Clcé (see Fig. 2.3). Therefore capacitance
l+ 2

changes from Cy (=Cy) to zero in the high frequency limit ( f — o).

In our previous study, we successfully employed this Maxwell-Wagner (MW)
model analysis for studying interfacial phenomena in double-layer organic devices,
e.g., double layer organic light-emitting diode (OLED), and showed the potentiality of
this analysis based on a dielectrics physics approach [15-17]. These results motivated
us to apply the MW model to analyze carrier injection and transport processes in

OSCs.
2.2.2 Triple-layer OSCs

In order to improve the power conversion efficiency, many ideas have been
proposed to optimize the structure and the composition of the OSCs. Among them are
the use of an exciton-blocking buffer layer, insertion of a hole-collection layer for the
increase of open voltage, insertion of a buffer layer to shift the effective work function
of the electrode, and so forth [18-20]. Noteworthy, all of these ideas suggest that the

use of a multi-layer structure system with a plenty of layer-layer interfaces is key. The
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carrier behaviors of OSCs will be more complex with the increase of the number of
layers, though the improvement of the performance of OSCs can be anticipated. It is
known that the charge accumulation on the interface of blocking layer leads to the
deterioration of the 1-V characteristics [21], while the insertion of a thin layer such as
a copper phthalocyanine layer is an effective way to improve the power conversion
efficiency [22]. Further study on carrier transport in multi-layer structure device will
be helpful to improve the performance of OSCs. Hence, all of these mentioned above
motivated us to study carrier motion in the multi-layer structure OSC devices by using
the Maxwell-Wagner model analysis and the experiment of the EFISHG

measurements.

In a manner as described in our previous paper [23], the OSC device with a BCP
blocking layer is modeled using a parallel conductor-capacitor (G-C) circuit, as

shown in Fig. 2.5.

Ecé0 —E,+E +E,+E,

—
Q

EFISHG

PMT

illumination

Figure 2.5: Triple-layer sample and its equivalent model.
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With a DC voltage applied to the OSC in dark, charge +Q(t) are induced on the

top and bottom electrodes with a response time - _ =R CCC, ~2x107's,
°CC,+CC,+C,C,

where Re.= 160Q is the resistance of the electrodes [23]. This is the electrode
charging process. After that, the charges on the 1ZO electrode inject into the
pentacene, and charge Qs (Qs2) accumulates at the pentacene/Cgp (Cgo/BCP)
interface. Here we assume that the BCP layer is working as a blocking layer. Using
the equivalent circuit of Fig. 2.5, we get the relationship between the Vi, V, and V3,
under assumption that a constant d.c. current flows across the OSC. Here V;, V; and

V3 are the voltage across the pentacene, Cgo and BCP layer, respectively. That is,

av av
C, BN =C,— 2 +GY, (2.7)

dv. dv
C, OV, =Cy Gy (2.8)
with v, =v -v,-v,.

After Laplace transform, eqgs. (2.7) and (2.8) are rewritten as:

(sC,+G)V, +(-sC, -G,)V, =0

GV

(sC, +SC, +G, +G,)V, +(sC, +G,)V, = (C, +C,)V,) +C,V,) +

Here, Vl0 and V2° are the initial voltage value across the pentacene and Cgo

layer. After a lengthy calculation, we get the V, as

VoY AB L Cy (9
CC,+C.C,+C.C, s s+a s+p
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_ GG,
GG, +G,G, +G,G,

(CZlCZ + C2C3 + CSC]_)

_—aCC, - AB+CG; +CG, _CCi+Aa— (C,G,+C.,G)

B Cc
-a+p -a+pf
Y P+Q (2.10) and 4 _ P-JQ (2.11),
2(CC,+C,C,+C,C) 2(CC,+C,C,+C,C)
where P=GG, (7, +7,) +G,G;(7, +75) + G,G; (7, +173) and

Q=G/G;(r, —1,)* + G;G;] (5 —7,)* + GG} (z, — 73)* —
2612G2G3 (z;—1)(r,—17,) - 2G32G2G1 (r3—1)(r, —175) - 2G2261 G;(r, —75)(7, — 7,)

where 7, =C,/G,is the relaxation time for the each layer of the OSCs. Here, 1/0 and

1/B are time constants of the two relaxation processes and the interaction between two

relaxation processes dominate the whole transient process of the OSCs.

Finally, the accumulated charge density of the pentacene/Csy (Qs1) and

Cso/BCP (Qs) interface is derived as:

1 1

= 7 =
CCG(n-2) (1 . a *cu B ony. (212)
CC,+CC,+CC, af a-p a-p

Qsl = szz - C1V1 =

1 1

G1G2G3 (73 - 2'2) i+ E_Tl et _ B e‘ﬁ") (213)

=CV,-CV, =
Q, =CV;-CYV, CC,+CC,+CC, af a-p a-p

Here 1/o and 1/f stand for the time constants. In the limit t— o,

Q, () = I.A7, , Where I is the steady-state current flowing across the OSCs [21], and
Az, (i =1, 2) is the relaxation time difference between the adjacent materials, i.e.,

pentacene and Cgo (i=1), and Cgpand BCP (i=2). From egs. (2.12) and (2.13), we

know that two relaxation processes happen during the transient process and the
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interaction between them dominates two interfacial charging processes. Meanwhile,
both interfacial charging processes proceed with the same two time constants (1/a
and 1/B) and thus depend on each other. Under the actual experimental conditions,
we can simplify egs. 2.12 and 2.13. Due to the insulating performance of the BCP

blocking layer, z,should be much longer thanz, and z,. Hence, if the two

interfacial charging processes can be totally separated and the relaxation of the

pentacene/Cg interface is much faster than that of Cgo/BCP interface (1 << % X T,),
o

the third part of eq. (2.12) and the second part of eq. (2.13) are neglected. In this
situation, two interfacial charging processes are approximately considered as two
independent single relaxation processes. Consequently, the accumulated charges on

the two interfaces are given as:

t

Qi) =Qq()1-ep(-—)] (i=1,2), (2.14)

Tmwi

with the Maxwell-Wagner type relaxation times 7~ 1/a for the
petacene/Cg interface and z,,,, = 1/p for Ce/BCP interface. From the calculation of

1/oc and 1/B, we know that both P and Q in a and B are proportional to the
conductance value of the organic layer. Hence, with the increase of the conductance
Gi, both 1/a and 1/p decrease and the two interfacial charging processes become

faster. Meanwhile, the difference between the two relaxation times is expressed as

4,/Q(C,c,+C,C,+C,C))

and Az,,, should also decrease with the
P?-Q

Aty =la -1/ =

increase of the conductance G;. Therefore, if the conductivity of the organic active

layer is very high, the two interfacial charging processes will proceed in the same
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way, Wherel zl In that case, the second and third parts of both eq. (2.12) and
(04

(2.13) are equal to each other, which results in the suppression of the charging
accumulation on the two interfaces. In that situation, the charging of the two
interfaces may not be detectable individually using the second harmonics

generation measurement.

2.3 Measurement techniques

2.3.1 Evaluating technique for OSCs

Various experimental techniques have been employed to observe the carrier
transport and relaxation in OSCs, including time-of-flight, transient photovoltage, and
photoinduced charged carrier extraction by linearly increased voltage methods.
[24-26] Generally speaking, the evaluating technique of carrier behavior in OSCs can
be briefly divided into two kinds, electrical measurement and optical measurement, as
can be seen in Figure. 2.6. For the electrical measurement, the sample is triggered by
electrical signal, such as voltage pulse, DC biases or continuous wave signal. The
electrical measurements are rather easy to perform and thus they are commonly used
by many researchers. However, some of the experimental techniques require
intentionally thick devices, are applicable to only blend thin films (not devices), or
focus on injected dark current. Moreover, for the electrical measurement, the probing
signal is usually applied from outside of the sample, while the response signal is also
collected from the external part of the device. Hence, the electrical measurements also

have been considered as the black-box measurement, which means that there is no
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direct observation form the inside the OSCs. The external attachments for the
measurement not only increase the possibility of the experimental error but also
restrict the experimental conditions. For example, the exact open-circuit and
short-circuit conditions cannot be easily achieved by electrical methods. Thus, direct
comparison of carrier behaviors under the different cell operating conditions is more

possible with non-contact measurements, like optical measurements.

In most of reported optical techniques, the focusing points are always related
to the carrier dynamics and lifetime inside OSCs. While the dynamics of the charge
separation reaction in such organic thin film directly decide the generation of
photovoltaic effect, the reverse charge recombination reaction also receives
significant attention. The kinetic competition between this recombination reaction and
charge collection by device electrodes is a key factor which may limit device
performance. In the optical measurements, a transient response to an intense pulsed
photo excitation is measured and analyzed for clarifying the carrier behavior, while
the relaxation time of the carrier can be deduced from both equilibrium state and
transient conditions. Among these optical techniques, there are Light-induced
Electron Spin Resonance, Photo-induced Reflection/Absorption, Transient Absorption
and more recently, Continuous-Wave Photoinduced Absorption Spectroscopy [27-30].
It is no doubt that these techniques will give us a deeper understanding of separation
and recombination of carriers in a working OSCs at various time scales and
temperatures, which are the key factors for the further improvement of OSCs.
However, in our research, we try to study the dielectric nature of OSCs and to
improve the performance of OSCs by clarifying the physical process in it. We need a

strong technique can provide us some direct observation of the electric field
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distribution inside OSCs and thus we can confirm the dielectric performance of OSCs.
Of course, the dynamics of carrier behavior is very important, but only by studying
the lifetime of the photo-generated carriers cannot establish a whole picture about the
operation of OSCs. Thus, the above techniques cannot fulfill our requirements.
Consequently we are paying attention to electric-field-induced second-harmonic
generation (EFISHG) measurement, which is available for directly probing the
electric field distribution in organic devices in terms of carrier behaviors. This
EFISHG technique has been developed by our group. It is a technique of the electric
field excited optical laser system that is capable of directly probing carrier motions
and electric field distribution in organic devices, e.g., organic field effect transistors,
organic electroluminescence devices [16, 22], and simple metal-insulator-metal
structure [17, 23], and could show the presence of the Maxwell-Wagner effect
interface charges at various interfaces. These previous studies motivated us to study
the dielectric performance and interfacial carrier processes of OSCs by means of the

EFISHG measurement.

Integral mode Time-of-flight, double injection currents :
Mostly used for thick film, mobility, recombination coefficient
Photo-CELIV transients, Transient photovoltage measurement::
Charge density and lifetime of the photo-induced carriers at ps-ms time scale.
Impedance spectroscopy
Commonly used, small AC signal, frequency dependence

electrical signal

Light induced electron spin resonance:

Carriers lifetimes, recombination process optical signal
Transient absorption spectroscopy (TAS):

Time scale 10°~102, recombination dynamics, -AT/T, intensity changing

Figure 2.6: Classification of measurement technique for OSCs
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2.3.2 1-V measurements

Current-voltage (I-V) measurement is a very common and straightforward method
to characterize electrical property of a material or a device. In the case of organic
materials, there is only one-carrier injection current, thus a considerable
understanding of the one-carrier injection property is quite important. The theory of
one-carrier currents must deal with free and trapped charge density, free-carrier drift
velocity (namely, the problem of mobility), and electric field intensity. For simplicity
we can only pay attention to its average values and the relations connecting them,
which is already a good representative property of the material and the intrinsic
physics. Since we employ Maxwell-Wagner model to analyze OSCs, the discussion of
the 1-V characteristic should also correspond to the situation of dielectrics, (free of
traps and negligible density of free carriers in thermal equilibrium). All injected
charge carriers remain free and contribute to the space charge. At low electric field

region, the carrier drift velocity is proportional to the applied field, namely

U:ﬂE:ﬂ\{

where u is the carrier drift mobility and E is the average electric field intensity. If the

current is limited by the drift component of inject carriers, the space-charge-limited

conduction current density can be written as:

_uev,

J= 2.15
E (2.15)

where Ve is the applied voltage, and L is the length of the plane-parallel sample. This

expression is known as the Mott-Gurney law.
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As described previously, many important parameters of OSCs can be directly
determined from current-voltage (I1-V) measurements of the solar cell. The I-V

characteristics are measured using one of the source meters, namely Keithley 2400,
which can source and measure both current and voltage. Note that the Keithley 2400
electrometer was used to measure precise current down to 10 A. At the low current
level, a significant correction due to the grid current of the Keithley became necessary.
From the most general point of view, grid current and amplifier zero drift are also
background noise. The full scale input for each voltage and current measurement
range is 105.5% of the selected range. Once the scale has been set the saturation
occurs above 1.05. When the input levels exceed the maximum levels, the
"OVERFLOW' message to be displayed on the front panel of the Keithley and
constant reading. Use the lowest possible range without causing an overflow to ensure
best accuracy and resolution. On the other hand, the voltage was applied with the
Keithley 2400 instrument. The voltage sweeping rate is rather slow (in the order of
mHz) to ensure that the OSCs work in the steady state. All measurements were
conducted in air at room temperature. A red light from a light-emitting diode
(wavelength 630 nm, intensity 10 mW/cm?) was used as a light source to provide
illumination pulse (repetition rate 10 Hz, duration 50 ms, switching on and off times
within 50 ns) to the OSCs devices. The samples were tested with two conditions, both

with and without illumination.
2.3.3 Impedance spectroscopy measurement

Impedance spectroscopy (IS) is a small signal analysis and widely used for

characterizing device parameters [31]. By applying a small AC signal to devices
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under various DC biasing conditions, components of the equivalent circuit of devices
are evaluated. 1.H. Campbell et al were considered the first to apply impedance
measurement on MEH-PPV in 1995 [32]. They found that, for thin transparent gold as
the positive contact and calcium as the negative contact (Au/MEH-PPV/Ca), in
reverse bias, because the polymer layer is fully depleted, capacitance is independent
of bias. A capacitance increase due to the charging of the traps was observed under a
small forward bias, while a capacitance decrease due to the neutralization of the traps
was observed under a larger forward bias. From the capacitance increase, trap density

was also estimated.

One advantage of impedance spectroscopy’s ability is that it can separately
observe the behaviors of interactions with various time constants. G. Yu et al have
measured complex admittance of polymer LECs [33]. They applied a pulsed driving
scheme that takes advantage of the slow ionic response and rapid electronic response
to independently control the carrier injection. Thus, they proposed an operating
scheme to separately control the distribution of ionic charges and the flow of
electronic current. Impedance spectroscopy also has an advantage in that it can
distinguish contributions of the interface from the bulk, when the equivalent circuit of
device is well-known on the basis of device physics. Consequently it has been used as

a tool for characterizing devices over the past several ten years [34, 35].

In our research, the IS measurements were performed with a Solartron 1260
impedance/gain-phase analyzer in the frequency range of 10 Hz -1 MHz in dark and
under photo-illumination. The OSCs were short-circuited, and an AC voltage with

amplitude of 10 mV was applied in the measurements. In the 1S measurement, the
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equivalent circuit model and fitting method are commonly used to evaluate the
experimental results. The equivalent circuit model should precisely describe and
model the electrical properties of the device. It usually consists of basic components
such as resistors and capacitors, which mirror the behavior of various layers in the
structure. The understanding of the AC characteristics of such model can also decide
the explanation of the data. In our case, the obtained spectra were curve-fitted using
the equivalent circuit of Maxwell-Wagner model. For the situation of analyzing
organic device, organic device physics is still not clear and thus the equivalent circuit
for IS measurement is not able to precisely present all the physical phenomenon
happened inside the devices. On the other hand, photovoltaic effect is essential in
OSCs. Accordingly we are searching for a method capable of finding the contribution
of photovoltaic effect. However this is not so easy to evaluate the organic
photovoltaic effect only by using IS measurement, without knowing the variation of
the electric field in the organic layer. Consequently we are paying attention to
electric-field-induced second-harmonic generation (EFISHG) measurement, which is
available for directly probing the electric field distribution in organic devices in terms
of carrier behaviors [16, 22, 23]. The EFISHG measurement coupled with IS
measurement provides a clear physics picture of interfacial phenomena related to the

photovoltaic effect in OSCs.

2.3.4 Electric-Field-Induced Second Harmonic Generation

Optical second harmonic generation (SHG) method is a well-known technique.
During the measurement, the amount of second-harmonic signal is produced when an

intense laser beam with the fundamental wavelength is applied to the sample.
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According to dielectric physics, material with insulating performance under electric
field will generate some polarization, since any material can be thought of as a
collection of charged particles - electrons and positively charged cores. The
polarization can be expanded in a Taylor series in terms of the total applied electric
field (including external electric field, inner electric field such as generated by

accumulated charge, electromagnetic wave electric field, etc.) as the following form:
P=P®+P@1PO 4 =P E+y®:EE+ y®:EEE +.. (2.16)

where P, P@ and P® are linear, quadratic, and cubic polarization in the electric
field (E), x®, y® and ¥® are the first-, second-, and third-order electric
susceptibilities (or linear, first-, and second-nonlinear electric susceptibilities), and the

[T L)

operation represents the scalar product between matrices. Note that the higher
order polarization contributes less and less since the higher susceptibility becomes
more and more negligible. Thus the higher order of polarization, namely the nonlinear
polarization could not be observed only until 1960s while the powerful laser was

developed and used to study the non-linear optics, since the laser has a very high

electric field, typically 1 MV/cm.

In this study we pay attention on P®, which contributes to the second-order
nonlinear optical phenomena. Since the electric susceptibility connects the product of
the two electric field vectors with the polarization vector, it is a tensor of rank 3. In
other words, it contains 27 components and can be treated as a 3x3x%3 matrix. Simply,
for a material with inversion symmetry illuminated under a laser light (with frequency
of ), all 27 components of the susceptibility are vanished, namely become zero, thus

there should be no second order polarization phenomena; namely no second harmonic
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generation (SHG) with frequency of 2® can be observed. On the contrary, the SHG is
possible to be detected for the material with non-inversion symmetry. Does this mean
that we could not detect SHG signal from a material with inversion symmetry? Not
absolutely. Recently our lab has developed some unique method, the electric field
induced second-harmonic generation (EFISHG) for the material, since the external
electric field applied on the sample will disturb the electronic distribution of the
material and thus change the symmetry, as illustrated in Fig. 2.7. In details, by laser
irradiation, EFISHG signal is generated from organic layers due to the coupling of
electrons in molecules and electro-magnetic waves E (o) in the presence of

electrostatic local electric field E (0). The EFISHG intensity is given as:[11, 14]

|(2a))oc‘|3(2a))|2 P(2w) = @ (—2w;0, ®, ®) E(0)E(w)E(w) (2.17)

where P(2w) is the nonlinear polarization induced in the organic layers and ¥ is the

third order nonlinear susceptibility tensor. E (0) is the electrostatic local field in the
organic layers (we define as that positive electric field E (0) points from the 1ZO
electrode to the Al electrode), and E (o) is the electric field of incident laser beam.
Equation indicates that the square-root of the SHG intensity is in proportion to the
electric field E (0) in the organic layers. Here, E (0) is given by Eo+Es, where Eg
(=Qn/ereo) is the electric field originated from charges Qg on top and bottom
electrodes of the OSCs and E; is the electric field originated from charges in organic
devices, e.g., charges Qs accumulated at the double-layer interface. Consequently, the
EFISHG measurement probes the charges £Qn,on electrodes as well as charges Qs at

the interface.
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E=0 E+#0

Figure 2.7: Sketch of distortion of electronic cloud for a pentacene molecule under

external electric field.

Figure 2.8 portrays an experimental arrangement for the EFISHG measurement.
We used a pulsed laser as a probing light (repetition rate 10 Hz, average power 1mW,
duration 4 ns), which was generated using an optical parametric oscillator pumped
with the third-harmonic light of Qswitched Nd:YAG laser. p-polarized pulsed laser

beam focused onto the sample surface at an incident angle of 45°, where the spot size

was smaller than the device area. The reflected fundamental laser beam was
eliminated using optical filters and a monochromator. The SHG light generated from
the sample was detected using the photomultiplier tube (PMT), and the intensity | (2m)
was measured using a digital multimeter. The susceptibility tensor ® in eq. (2.17) is
a material dependent parameter and is a function of the optical frequency ®. The

difference in ® among materials allows us the electric field in each layer of a

-75 -



double-layer OSCs to be selectively probed by the use of an appropriate laser beam
wavelength.15) In the most of researches, we used the laser beam at a wavelength of
A»=1000 nm and recorded the generated SHG at a wavelength of A,,=500 nm to
selectively measure the electric field in Cg layer. In the time-resolved SHG
measurements, we illuminated the OSCs under various external conditions.
Photocurrent was generated under a red illumination (50 ms illumination at the
intensity 10 mW/cm? followed by 50 ms break) from the LED synchronized with the
incidence laser beam. Under the short-circuit condition, excess charges Qs is expected
to be accumulated at each interface of OSCs due to the Maxwell-Wagner effect, while
exciton separation is provoked at the interface. The presence of charge Qs changes the

electric field in OSCs, and the EFISHG probes the electric field change.

N

OPO Nd:YAG(3w)

Laser wavelength 1000nm for

checking only the Cglayer

% LED
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Figure 2.8: The arrangement of the EFISHG measurement on the OSCs sample.
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2.4 Summary

The theoretical model and experimental methods are illustrated in this chapter, in
order to bring out some fundamental materials for our research. In the first part, we
focused on the explanation of dielectric nature of OSCs. By realizing dielectric nature
of the organic layer, we established our theoretical model based on Maxwell-\Wagner
effect and thus the interfacial carrier relaxations of OSCs with both double-layer and
triple-layer have been analyzed by using this model. The results revealed that charge
relaxation processes happened on each interface of OSCs and the interaction between
these charging processes dominated the carrier behavior inside the OSCs. Moreover,
for triple-layer sample, two interfacial charging processes can be clearly observed for
the sample with low conductivity, while two interfacial charging processes merged
each other for the sample with high conductivity. By using the Maxwell-Wagner
model, we proved that dielectric nature of the OSCs governs the working mechanism

of photovoltaic effect.

On the other hand, we have also elaborated the evaluation technique of OSCs. We
mentioned how to obtain the important parameters of OSCs through simple I-V
measurement, IS method and EFISHG measurement. The importance of each
measuring methods to study the OSCs on carrier generation and transport on bias of
photovoltaic effect were well explained. The IS method can investigate the carrier
trapping and relaxation inside OSCs by using Maxwell-Wagner equivalent circuit
fitting. However, they are not sufficient for analyzing the carrier behavior well as they
resemble a black box. Thus, optical EFISHG measurement, which enables us directly

probe electric field generated in the semiconductor layer, will be coupled with the
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conventional I-V measurements to study the carrier behavior in the OSCs due to
photovoltaic effect. Finally, a combination of these techniques may bring us further
insights in device operation and charge relaxation and transport mechanisms. A
comparison is made in Table. (2.1) for these techniques. Here TAS related to Transient
Absorption Spectroscopy. We didn’t employ this technique, but it is commonly used
as an optical method for deciding the carrier life time inside OSCs. We put it here to

show the difference between EFISHG and other common optical method.

Table 2.1: The comparison between different measurements

| v | s TAS | SHG |

Measurement Electrical Optical
mpledsinal Ui STUACE@ seag e
Obtained signal current ((::Zggz%annc(;e -ATIT Hasrggglics
Type o Transient

Isolated sample x x v v
Relaxation time X v v v
E-field distribution x x X v
Difficulty ($$%) * * %k kK *kkk
PreCiSion *%* * * k%% *k*k*%k
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Chapter 3 Visualization of carrier behavior in OSCs

In order to better study the carrier behavior and dielectric performance in OSCs, we
need to achieve the real-time observation of the variation of interfacial electric field.
The best technique for us is the EFISHG measurements, as we explained in last
chapter. However, if you apply a new technique to the study field of OSCs, you need
to compare it with some well-established ones. Hence, we firstly carried out the
conventional 1S measurements on the samples. Actually, the IS measurement method
itself has already been widely used for characterizing OSCs, however, the results and
analysis we show in this chapter are not conventional because we realized dielectric
nature of OSCs and applied Maxwell-Wagner model for analyzing the experimental
data, which is a new practice. Both IS and EFISHG measurements confirmed
dielectric nature of OSCs. At the meantime, the comparison between EIFSHG
measurement and IS measurement also showed the capability and advantages of

EFISHG measurement for the study of OSCs.

3.1 Sample fabrication and |-V testing

Figure 3.1 portrays OSCs with an indium zinc oxide (1ZO)/donor/Cgo/blocking
layer/Al structure. These OSCs were prepared as follows: 1Z0O-coated glass substrates
were UV/ozone treated to be nearly free from organic residuals. The donor layer with

the materials of Pentacene and Copper phthalocyanine (CuPc) (d;) were deposited
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onto the UV/ozone treated 1ZO. After that, the Cg, layer was deposited on top of (dy)
donor layer. Then, a BCP layer with a thickness of 10 nm was selectively deposited
for the triple-layer sample, while the double-layer sample is only consisted by two
organic active layers. Finally, Al electrodes with a thickness of 100 nm were deposited
onto the top of the sampler, where the working area of the OSCs was A = 3.1 mm?.
The relative dielectric constants of pentacene layer and Cgo layer at 1 kHz

were ¢, =4.2 and ¢, =6.5, respectively (BCP: 3.2, CuPc: 3.5). All the organic

materials were directly purchase from the company without further purification before
use. 1ZO electrode was also used as received without further treatment except for
solution cleaning. Organic layers and Al electrode were sequentially deposited in
vacuum. The typical vacuum was 10° Torr during the deposition of the organic
materials. Prepared OSCs were sealed with a dry agent to avoid degradation during

the I-V, IS and EFISHG measurements.

Al electrode 100nm

0 L Q blocking layer

Pentacene

Qr YQ w BCp 0”3 Cqo layer acceptor
@ donor layer
CuPc Ceo <«— 120 electrode
Donor materials | Glass substrate

Figure 3.1: Sample structure of OSCs in our research

A red light from a light-emitting diode (wavelength 630 nm, intensity 10 m\W/cm?)
was used as a light source to provide illumination pulse (repetition rate 10 Hz,

duration 50 ms, switching on and off times within 50 ns) to the OSCs devices. The
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pentacene, CuPc and Cg layers absorb light at a wavelength of 630 nm and generate
excitons inside the layers. The detailed absorption spectral can be found in Figure
3.2(a) and (b). The I-V performance of the two kinds of double-layer sample was also
measured. Figure 3.3(a) shows the -V characteristics of the 1ZO/pentacene
(40nm)/Cg0(100nm)/Al OSCs under illumination and in dark, where the open-circuit
voltage Vo was 0.22 V, the short-circuit current density Js. was -0.09 mA/cm? and the
fill-factor was 0.26. Figure 3.3(b) is the 1-V characteristics of the
IZO/copper-phthalocyanine (CuPc) (40nm)/Cgo(35nm)/Al OSCs and the Vo was
0.325 V, the Js. was -0.963 mA/cm? and the fill factor was 0.18. It is important to note
that the sample prepared in this chapter is for the physical process study. Hence, the
sample structure is not optimized value and the I-V performances also have low
quality. The samples with different structures (see Fig. 33(a) and (b)) are prepared for
different experiments and the details will introduce in after sections. However, this
kind of sample holds rather straightforward physical process and can help us establish

some basic picture of carrier behavior and photovoltaic effect.
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Figure 3.3: I-V performance of OSCs with (a) pentacene/Cgg structure (b)

CuPc/Cg structure

3.2 Analysis of photovoltaic effect based on dielectric model
3.2.1 IS measurements

In this study, OSCs with a pentacene/Cgo double-layer were investigated using IS
measurements, and the results were analyzed based on a Maxwell-Wagner model,
assuming that pentacene and Cg are considered as dielectric materials. The IS
techniqgue was employed in dark and under illumination for studying arrier
accumulation and relaxation at the double-layer interface. Finally the contribution of

photovoltaic effect was discussed in terms of interfacial Maxwell-Wagner type carrier

relaxation.

Impedance spectroscopy (IS) is a small signal analysis and widely used for

characterizing device parameters [1]. By applying a small AC signal to devices under
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various DC biasing conditions, components of the equivalent circuit of devices are
evaluated. This technique has an advantage in that it can distinguish contributions of
the interface from the bulk, when the equivalent circuit of device is well-known on
the basis of device physics. Consequently it has been used as a tool for characterizing

devices over the past several ten years [1-3].

The current-voltage (I-V) characteristics of the 1ZO/pentacene/Cgo/Al OSC under
illumination and in dark can be found in Fig. 3.3(a) in last section, where the
open-circuit voltage is 0.22 V and the short-circuit current density is -0.16 mA/cm?.
The IS measurements were performed with a Solartron 1260 impedance/gain-phase
analyzer in the frequency range of 10 Hz -1 MHz in dark and under
photo-illumination. The OSCs were short-circuited, and an AC voltage with amplitude
of 10 mV was applied in the measurements. The obtained spectra were curve-fitted

using the equivalent circuit of Fig. 3.4.

Figures 3.5 (a) and (b) show the results of IS measurements, where C (w) and 6 =
arctan (wC /G) are plotted. In the C (w), there are two relaxations (A and B), due to

charging onto electrodes with 7. = R,C, (B) and the Maxwell-Wagner type interfacial

C,+C,

relaxation withz,,, =
l+ 2

(A), respectively. Figure 3(a) shows C, =2.1nF at

10°%-10° Hz in dark. Curve fitting analysis was employed using the equivalent circuit
of Fig. 2(a), and the obtained device parameters were listed in Table 1. Using these

device parameters, we estimated the relaxation time asz,,, =3.8x10°s ( f,,, =41 Hz)
and z,. =3.4x107 s ( f,.=4.7x10° Hz) in dark condition, while z,,, =4.9x10° s

(fyw =3200Hz) and 7, =4.5x107"s ( f,.=3.5x10° Hz) under illumination.
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Figure 3.4: Equivalent circuit for IS measurement.

Table 3.1 Fitted parameters for equivalent model based on Maxwell-Wagner

effect.
Dark Illumination
1/G; 6.3x10°Q 1/G; 1.0x10"Q
1/G, 9.9x10°Q 1/G, 3.1x10"Q
R, 160 Q Ro 160 Q
Ci 32x10°F C: 4.4x10°F
C, 7.0x10°F C, 7.8x10°F
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Figure 3.5: IS results of the (a) IS results with C () and (b) IS results with phase.

It is instructive to note that the z,,, under illumination is about 70 times shorter than
that in dark. The conductance is given asG :%, where n is the carrier density, u is

the mobility, S and L are the electrode area and thickness of the material, respectively.
Under the illumination, the carrier density in pentacene and Cg layers increased due

to the photovoltaic effect. Accordingly, G increased by illumination as
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that G, =1.6x10° S and G,=1x10° S in dark, whereas G, =1x10" S and

G, =3.2x107°S under illumination (see Table 1). Sincer,,, is given by G +C, , the

G, +G,

relaxation of the interface charges was accelerated by illumination, due to the increase
of the conductance G; and G,. On the other hand, the series capacitance C; of the two
layers was also increased slightly by the photo illumination, as shown in Fig. 3(a)
(also see C; and C; in Table 1), possibly due to the increase of the effective area of the
capacitor caused by the spreading of the charges on the electrode to surrounding. The

charge relaxation time on the electrode 7. also increased under illumination as the C;

was increased. However, these are merely speculation based on the MW model.

The obtained IS results only identified interfacial process related to the
conductance changing, and the photovoltaic (PV) effect in the device was not clear.
To elucidate the contribution of the PV effect, other experiments that can probe
interfacial carrier behaviors are needed. In our previous study [4], by applying
EFISHG measurement to double-layer OSCs under short circuit condition, the
contribution of the photovoltaic effect was verified by the observation of electric field
distribution in the double layer. Taking into account these, we employed here the

EFISHG measurement to investigate the photovoltaic effect in the OSC device.

3.2.2 EFISHG measurements

For studying the contribution of photovoltaic effect to the interfacial relaxation
observed in the IS spectrum, we employed the EFISHG technique to probe the local
electric field change during transient state of the OSCs. In our experiments, EFISHG

signal is generated from Cgo layer due to the coupling of electrons in Cgy molecules
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and electro-magnetic waves of incident laser beam E (w) in the presence of
electrostatic local electric field E (0) in the Cgo layer. Note that the square-root of the
SHG intensity is in proportion to the electric field E (0) [5, 6]. E (0) is given by Eot+Es,
where Eqy (=Qm /ereo) is the electric field originated from charges +Qpn, (t) on top-Al
and -Qn (t) on bottom-1ZO electrodes of the OSCs and E; is the electric field
originated from charges Qs (t) accumulated on the pentacene/Cg interface.
Consequently, the EFISHG measurement probes the interfacial carrier behavior of the

OSCs.

Figure 3.6 shows the transient EFISHG generated from electrically shorted OSCs
by illumination and by succeeding no-illumination. Single relaxation was observed at
around 10®° -10" s during the illumination and the succeeding no-illumination
processes, respectively. Under the short circuit condition, the change of electric field

Eo induced in OSCs by electrode charging Qn with a relaxation time z,. =R.C,

should be zero. Consequently the EFISHG response with a single relaxation shown in
Fig. 4 was ascribed to the Maxwell-Wagner type interfacial carrier charging at the
pentacene/Cg interface [4]. On the other hand, in the IS measurements, small AC
signal is applied to the OSCs during the measurement, and this activates the electrode

charging process with a relaxation timez,. = R C,. This is the reason why relaxation

B is always observed in Fig. 3(a). The time-constants of the two relaxation processes
are estimated by employing a curve-fitting method based on a filtering technique to
the transient EFISHG [7-9] and the detailed explanation as well as an calculation

example can be found in next section (section 3.2.3). From Fig. 3.6, we obtained the

relaxation time of z,,, =3.3x107°s. This value is nearly the same with the value of
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Ty =4.9%x107°s estimated from the IS measurement under illumination ( A in Fig.

3.5 (a)). These results suggested that both IS and EFISHG measurements are available

for probing the interfacial charging processes in the OSCs.

It is instructive here to note that IS and EFISHG measurements are different in that
EFISHG directly probes interfacial charging, while IS measurement is based on an
analysis of equivalent circuit which models an interfacial carrier charging process. In
order to further clarify the advantage of the use of these two IS and SHG
measurements at the same time in terms of the photovoltaic effect, we used these
measurements to study interfacial carrier charging of open-circuited OSCs. Figure 3.7
shows the square-root of the SHG intensity generated from the pentacene/Cgo
double-layer OSC in response to the applied square-wave voltage pulse (Vex=0.2 V),
close to the Vo of 0.22 V. In dark condition, as shown in Fig. 3.7(a) a two-step
relaxation process was observed during the measurements, which represented
charging process on electrodes and to the pentacene/Cgq interface (see section 3.2.1).
Here the relaxation was the result of the change of electric field across the Cgo layer.

Meanwhile it was also found from the SHG measurement that the relaxation time
Tyw Was 7, =2.6x10"s, which was one order smaller than that in the IS

measurement. After charge injection happens with an applied DC voltage Ve the

EoE N S

conductance of the device is given asG = B , under assumption that space

charge limited current governs the electrical conduction. Here &, is the relative

dielectric constant. Since the applied voltage signal in the SHG measurement was 20

times larger than the AC signal used in the IS measurement, the relaxation at the
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interface is activated significantly due to the increase of the conductance of organic
layers during the EFISHG measurement [5]. This activation is also further confirmed
by the conductance dependence of the interfacial relaxation process, as discussed in
last section. The SHG measurement has also been carried out under illumination in
the same way, as shown in Fig. 3.7(b), where only one relaxation process was
observed. Comparing with Fig. 3.7(a), the responding time of SHG signal in Fig.
3.7(b) corresponds to the charging process on the electrode. That is, interfacial charge
accumulation caused by the Maxwell-Wagner effect was not seen. When the external
voltage was close to the open voltage Vo, no current flowed across the device, that is,
Ic was nearly zero. Hence, according to Eq. (2.7) the accumulated charge Qs at the
pentacene/Cg interface became very small, and related induced electric phenomena

were not observed by the EFISHG measurement.

Figure 3.8 shows the results of the IS measurements for the OSCs sample with a
DC bias of 0.2 V, where a two-step wise relaxation was observed. Results showed that
the electrode and interfacial charging were active in the IS measurement in
accordance with the applied AC signal. Meanwhile, for the EFISHG measurement, the
electrostatic electric field formed in organic layers in Cg layer was probed with time.
When the external DC voltage was close to the Vo (=0.22 V), almost no current
flowed through the circuit. Accordingly, the MW type interfacial charging was
negligible, and this resulted in no change in the EFISHG signal by the interface
carrier charging (see Fig. 3.7(b)). That is, the EFISHG evidently shows that the
photovoltaic effect significantly gives an effect on the carrier interfacial relaxation of
the OSCs devices. As mentioned above, both IS and EFISHG measurements are

available for probing interfacial phenomena, but there is a difference between them in
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the detection of interfacial carrier behaviors. Therefore, for evaluating the interfacial
relaxation of the OSCs in terms of photovoltaic effect, the SHG technique coupled

with the IS measurement offers a clear physics picture in comparison with the sole IS

measurement.
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Figure 3.7: EFISHG measuremnts under square-wave voltage application (Vex~Voc).

(a) SHG measurement in dark, and (b) SHG measurement under illumination.
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Figure 3.8: IS measurement under illumination with DC bias at 0.2 V.

Finally, based on the Maxwell-Wagner model, the interfacial carrier relaxations of
OSCs with a pentacene/Cgy double-layer have been studied in terms of photovoltaic

effect under both dark and illuminated conditions. IS combined with EFISHG
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measurements revealed that the photo-illumination gives directly an effect on the
interfacial charges relaxation from two aspects. Firstly the increasing of carrier
density caused by the illumination consequently enhances the relaxation process of
the interface. Meanwhile, due to the photovoltaic effect, interfacial relaxation process
IS not observed when the external voltage Vex approaches V.. The analysis based on
Maxwell-Wagner model well accounts for the changing of the relaxation processes.
Finally we discussed that EFISHG measurement coupled with IS measurement
provides a clear physics picture of interfacial phenomena related to the photovoltaic

effect in OSCs.
3.2.3 Analysis of carrier lifetime

In last section, we found that the SHG measurement is also available to study
photovoltaic effect of OSCs. Since the SHG signal directly reflects carrier behavior,
analysis of the signal response gives information on carrier lifetime. In this part, by
using the SHG measurement, we directly probed carrier behavior, i.e., carrier
generation and decay processes, in double-layer 1ZO/CuPc(60nm)/Cego(40nm)/Al
OSCs. Results showed that negative excess charges accumulated at the CuPc/Cg
interface under photoillumination, whereas the accumulated charges decayed in a
two-step process in dark. We analyzed the experimental data quantitatively, and
showed that 24% of the accumulated negative charges decayed with a lifetime
1,=5.3x107 5, and the other 76% of the charges decayed with a lifetime 1,=6.2x10 72 s,
We conclude that the SHG measurement is a direct way for investigating carrier

lifetime in OSCs.
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Figure 3.9: (a) I-V performance of double layer OSCs (b) SHG intensity changing of signal

layer CuPc and Cg,[17]

Figure 3.9(a) shows the 1-V characteristics of the CuPc(60nm)/Cg,(40nm) OSC
where the cell parameters were obtained as open-circuit voltage V,.=0.37 V,

short-circuit current density Jc=—4.4 X 10°® A/ecm?, and fill-factor FF=0.13. (This I-V

performance is different from the I-V results in section 3.1) Under photoillumination,
excitons created in the CuPc and Cgo layers diffused to the CuPc/Cgp interface to
generate free holes and electrons. Then the generated holes (electrons) were conveyed
across CuPc (Cg) layer to the 1ZO (Al) electrode. Consistently, the negative
photocurrent (J5.<0) flowed through the external circuit. Figure 3.9(b) shows the SHG
intensity generated in the CuPc and Cgo single-layer devices under step-voltage
application. The SHG signal of the Cg single layer device was a quadratic function of
the applied voltage. The average electric field E (0)= V/d (d: layer thickness) is
applied to the organic layer, and the square dependence on the E (0) in the Fig. 39.(b)
suggested that the observed SHG was induced through the EFISHG process expressed

in Eq. (2.17). On the other hand, CuPc showed negligibly small SHG response. These
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results support that we can selectively probe the electric field in Cgo layer of the
double-layer CuPc/Cgy OSC. Figure 3.10(a) shows the SHG intensity of the OSC in
response to the photoillumination, where we plotted the square root of the SHG
intensity that is directly proportional to the charges Q. The SHG intensity increased
under photoillumination, while the SHG intensity decreased in dark accordingly.
Excess charges Qs at the interface is a source of a space charge field E (s) and
additionally formed electric field in the Cgo layer, and it was probed in the SHG
measurement. In order to determine the direction of the electric field E (s), we also
carried out the SHG measurements under voltage application to the OSC devices. The
SHG intensity increased under negative voltage application in a way similar to the
SHG response under photoillumination, whereas the SHG intensity decreased under
positive voltage application. These results suggested that negative excess charges
accumulated at the CuPc/Cg interface under photoillumination and formed negative

electric field (E ;< 0) in the Cg layer.
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Figure 3.10: (a) square root of SHG response from the CuPc/Cgy OSC to the

Photoillumination (50 ms illumination followed by 50 ms break). (b) The first-order

filtering function F (t;) of the SHG response. [17]

The SHG signal response directly catches charge accumulating and decaying
processes at the CuPc/Cyg interface. Hence, analysis of the SHG transient provides a
direct way to obtain a carrier lifetime at the donor-acceptor interface of the OSC. For
the analysis, we employed a filtering technique that can well reproduce relaxation
process in solids. [7, 8] The first-order filtering function defined as F;(t1)=s (t1)—s (2t1)
was used in the analysis, where s(t) is a signal response. The filtering function gives
peaks at times that correspond to time-constants of the signal response, and this is an
effective way to determine time-constants of a signal response. For example, the

filtering function of a single relaxation process s(t)=so+s; exp(—t/z) (So and s;:
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constants and z: relaxation time) gives one peak at a time t;=z In2 with its peak height
of s; /4. In the SHG measurement, the square root of the SHG intensity /1, is the

signal response s(t). Figure 3.10(b) shows the filtering function F; (t;) of the SHG
response. Under the photoillumination, the SHG intensity fluctuated in the region
<107 s due to an unstable carrier generation process. As the result, the filtering
function Fy(t;) changed up and down while the average of Fi(t;) was zero in this
region. After that, the SHG intensity increased and saturated. Correspondingly, the
first-order filtering function Fi(t;) showed a negative peak at a time t;,=9.7x107° s,
and indicated that the excess charges accumulated at a rate of ze(=ten/In 2) =1.4x107*

s. The peak height at te, was 5.6x10 % and it was smaller than that expected for a

single relaxation process s /4(=A4/1,,, /4)=0.11, where A,/l, . /4 is the change

of /I,, under photoillumination as displayed in Fig. 3.10(a). This result suggested

that the charge accumulated in a manner as represented by a stretched exponential
function.[16] On the other hand, the filtering function of the charge decay process
showed two positive peaks at times t,,=3.7x10 > s and t,=4.3x1072 5, as indicated by

arrows in Fig. 3.10(b). The heights of the two peaks were 3.3x10°?
(~Al,,., 14=25x107%) at the time t.; and 6.2x1072 (~A4/l,,,, /4=0.8x107%) at the
time t,», and suggested that the two decay processes were single relaxation process. In

the SHG measurement, the square root of the SHG intensity is in proportion to the

charge  density accumulated at the interface.  Thus, the ratio

(A1, (AN y0s + AN, , )=0.24 represents a ratio of charges that decayed in the

first decay process. Similarly, (Ay/1,,, Y(Ay/1,,1 +Ay1,,., )=0.76 is a ratio of the
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charges that decayed in the second decay process. That is, the filtering analysis of the
SHG response suggested that, (1) in the first decay process, 24% of the accumulated
negative charges decayed at a lifetime of T 1(=t 1/ In 2):5.3><10_5 s. Then, (2) in the
second decay process, remaining 76% of the charges decayed at a lifetime of t =t/
In 2)=6.2x10"% 5. We conclude that the SHG measurement is useful to study carrier
behavior in OSCs and provides a direct way to investigate the carrier lifetime

distribution at the two-layer interface of the OSCs.
3.2.4 Effect of photoconductivity changing

In some series-connected OSCs structure, a thin film, composited by the organic
material such as CuPc and boron subphthalocyanine (SubPc), was inserted in the
OSCs as the internal layer, in order to enhance the reflection and absorption of light
[10, 11]. Noteworthy, organic materials, such as CuPc or SubPc, are very sensitive to
the illumination [12, 13] and the photoconductivity of these materials may strongly
influence the carrier behavior of the OSCs. Hence, further study on carrier transport
with taking into account the photoconductivity charging of the organic active layer

will be of help to improve the performance of OSCs.

The authors’ group has been developing an electric-field-induced optical
second-harmonic generation (EFISHG) technique that can directly probe carrier
motions in organic field-effect transistors, organic light-emitting diodes and OSCs
[14-16]. By applying illumination signal to the OSCs under various external
conditions, carrier transits in OSCs were visualized and the mechanism of the electric
field generation inside the OCSs was identified [16-18]. In the present study, we

prepared 1Z0O/CuPc/Cgo/Al OSCs and studied the interfacial charging processes of the

-102 -



OSCs. In order to further clarify the contribution of the photoconductivity changing to
the interfacial carrier behavior, we carried out the transient EFISHG experiments and
analyzed the results using a Maxwell-Wagner model. We concluded that the change in
the conductance induced by illumination caused the converse charging behavior on

the CuPc/Cgg interface.

The current-voltage (I-V) characteristics of this CuPc/Cgy OSCs were shown in Fig.
3.3(b), where the open-circuit voltage Vo. was 0.325 V, the short-circuit current
density Js. was -0.963 mA/cm? and the fill factor was 0.18. We also tested the sample
under the AML1.5 irradiation, and the power conversion efficiency was about 0.6%. In
a manner as described in section 3.2, OSCs device with double-layer structure is
modeled using a parallel conductor-capacitor (G-C) circuit, as shown in the Fig. 3.4.
Here, a conductor (G;, G,) and a capacitor (Cy, C,) represent the conductance and
capacitance value of CuPc and Cg layer, respectively. With a DC voltage applied to
the OSCs in dark, charge +Q(t) is induced on the top and bottom electrodes with a

CC,
C, +C,

~2x10"s, Where Re= 160 Q is the external resistance

response time ;=R
[18]. This is the electrode charging process. After that electrode charges on the 1Z0
are injected into the pentacene and interfacial charging process happens.

Note that we can trace the interfacial carrier charging process through the local

electric field E (0) estimated from the EFISHG signal lIsyc [7, 19], using the
relation g, oc|E(0)|2. Hence, the generated EFISHG offers us the information about

the carrier behaviors in OSCs.
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Figure 3.11: EFISHG measurement with voltage pulse in dark.

Figure 3.11 shows the EFISHG generated from the 1ZO/CuPc/Cgp/Al OSCs in
response to the AC square-wave voltage pulse (10 Hz) in dark, where the amplitude of
the DC applied voltage Vex was +0.3V or -0.3V. The voltage signal was applied on the
I1ZO electrode with Al electrode grounded. Two relaxation processes were identified
during the EFISHG measurement, corresponding to the electrode charging (E¢) and
the interfacial charging (Es) [18]. The first relaxation process was observed just after
applying AC square-wave voltage pulse, due to the electrode charging, which resulted
in the E¢ across the whole sample. Here, we found that positive electric field (from
1ZO to Al) led to the increase of the EFISHG signal, while the negative electric field
(from Al to 1ZO) resulted in the decrease of the EFISHG signal. After the electrode
charging, the interfacial charging process followed. For Ve, = 0.3 V, the SHG signal
was decreased, suggesting that the Cgo layer was relaxed and electrons accumulated at
the CuPc/Cgo interfaces. Accordingly the two electric fields, Ee and Es, were
successively formed in the Cgo layer along with electrode charging and interfacial

charging and their electric field directions inside the Cg layer were opposite with each
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other. Similarly, for Ve, = -0.3 V, EFISHG signal decreased firstly and then increased,
indicating that holes accumulated at the CuPc/Cgo interfaces. Both experiments

proved that Cgo layer relaxed faster than CuPc layer and thus z.,, <7, in dark

condition. Noteworthy that applying positive pulse (Ve=-0.3 V) lead to the increase
of the SHG signal. This result indicated that the background electric field E, of the
triple-layer sample was pointing in the direction from 1ZO electrode to the Al
electrode. This background is just possibly generated by the local internal field, such
as interfacial dipole, deep traps or Fermi-level difference between two organic
materials. The detailed physical reason of the creation of this background electric field
is out of scope of this study, but we should note that the experimental results were
well explained by assuming the presence of this background electric field Ey.
Meanwhile, the time-constants of the charging processes were evaluated by using a
curve-fitting method based on a filtering technique [7, 20]. In the analysis, the
first-order filtering function was defined as Fi(t1)= s(t 1)-s(2t 1), where s(t) is an
square-root of EFISHG intensity. The filtering function gives peaks at times that
correspond to time-constants of the signal response s(t), and it can effectively
determine time-constants of a signal response [21]. In other words, the presence of the
three relaxation time constants, corresponding to electrode charging and two kinds of
interfacial charging, was verified by employing the filtering method. Accordingly, the

relaxation time of interfacial charging wasr, ~6.4x10°sfor Ve, = 0.3 V, while the
relaxation time of interfacial charging wasr,, ~1.6x10°sfor Ve, = -0.3 V. It is

important to note that the application of positive voltage (0.3V) assisted holes to

smoothly inject from the 1ZO to the CuPc layer and resulted in the acceleration of
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interfacial relaxation. The relaxation times obtained from filtering method were in

good agreement with the 1-V performance of the OSCs.
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Figure 3.12: EFISHG measurement with illumination pulse under short-circuited

condition.

Figure 3.12 shows the transient EFISHG generated from electrically shorted OSCs
by illumination and by succeeding no-illumination, where the OSCs was in
short-circuited condition. Single relaxation process was observed at around
10° —107 s during the illumination and the succeeding no-illumination processes,
respectively. Under the short circuit condition, the change of electric field E. induced
in OSCs by electrode charging Qe should be zero. Consequently the EFISHG response
with a single relaxation shown in Fig. 3 was ascribed to the Maxwell-Wagner type
interfacial carrier charging (Es) at the CuPc/Cg, interface. Knowing that the
photocurrent flows in the direction from Al electrode to 1ZO electrode inside the
OSCs, which is the same as the case of V,=-0.3V in dark. As can be seen in Fig. 2,

the induced the interfacial charging process under the external voltage of -0.3V led to
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the increase of the EFISHG signal, indicating the holes accumulation on the CuPc¢/Cgg
interface. However, as shown in Fig. 3, the EFISHG signal decreased under the
applied illumination pulse though the direction of conduction current is the same.
These results indicated that electrons (Qs) accumulated on the CuPc/Cg interface
under illumination. According to the Maxwell-Wagner effect, Qs in the steady states is

given as: Q,(x)=I1Ar=1_/(r,—17,) (see eq. (2.17)). Consequently, the relaxation time

difference between two adjacent organic layers governs the polarity of the
accumulated charges at the interface. With taking into account the conduction current
flowing from the Al electrode to the 1ZO electrode inside the OSCs, the holes
(electrons) accumulation at the CuPc/C60 interface suggested that the charge
relaxation of the Cg (CuPc) layer is faster. Hence, the applied illumination can
change the polarity of the accumulated charges on the CuPc/Cg interface and

therefore under illumination 7., > 7. - It iS important to note that this photo-induced

switching of the interfacial charge polarity is so far only observed with this CuPc/Cgg
OSCs. Nevertheless the study of the interaction between photoconductivity and the
photo-induced carrier behavior can be applied to many other photosensitive organic
devices. The reason of these converse carrier behavior can be attributed to the
photo-induced conductivity changing. The conductivities (cijandcy) of the active
layers, CuPc and Cg, were considered to be increased after applying the illumination
[22-24]. However, the CuPc layer is more sensitive to the illumination and thus the
conductivity of the CuPc layer is changed more significant than that of Cgo layer
under illumination. Note that the light source we used in experiment is red

illumination (wavelength 639nm), which decided that excitons are mainly generated
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inside the CuPc layer (see Fig. 1(b)). The photo-induced conductivity changing of the
CuPc layer can strongly enhance the relaxation of the carriers. Thus relaxation time of
the CuPc layer is increased lager than Cgo and finally led to this converse interfacial
charging process comparing with dark condition. On the other hand, it is also possible
that other type of illumination may result in the less significant contribution of the
photoconductivity to the interfacial charging processes as reported in the paper [10,
11]. Usually, it is believed that the contribution of photoconductivity is the cause of
the thickness dependent of the OSCs devices. Nevertheless, the interfacial charging
process is also influenced by the photoconductivity of the two different layers. As
proved by our previous papers [25, 26], the existence of charge accumulation on the
interfaces deteriorates the performance of OSCs. Hence, we suggested two methods
available for suppressing the interfacial charging inside the OSCs, in order to
improving the performance of the OSCs. This study suggested that it is possible to
switch the polarity of the accumulated charges by considering the photoconductivity
changing of the organic layer. It also offers us a possible way to further reduce the
interfacial charge accumulation and achieve a better internal condition for the OSCs.
It is also important to note that the charge relaxation highly depending on the material
properties of the organic layer and therefore different fabrication processes may also
change the speed of the relaxation. In our experiment, we did not use any blocking
layers or internal layers to protect the organic active layer. Due to the oxidation or the
existence of deep traps, the relaxation of the Cgo may sometime slower than CuPc
layer in dark condition. However, under illumination we can always confirm

that 7.q, > 7 ype -
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3.3 Summary

In this chapter, the direct observation of interfacial carrier behavior inside OSCs
was achieved by using IS and EFISHG measurement. Firstly, interfacial carrier
relaxation in pentacene/Cg double layer OSCs has been analyzed in terms of
photovoltaic effect under both dark and illuminated conditions. The IS measurements
showed that the interfacial carrier relaxation time was diminished 70 times under
photo illumination, due to the increase of carrier density caused by the photovoltaic
effect. The equivalent circuit analysis using a Maxwell-Wagner effect model well
accounted for the IS results. On the other hand, the EFISHG measurements directly
probed the interfacial carrier behaviors caused by the photovoltaic effect. The results
showed the suppression of the Maxwell-Wagner type carrier relaxation in OSCs by
applying a voltage corresponding to the open circuit voltage Vo.. The results also
proved that OSCs can be modeled as Maxwell-Wagner elements, which is a typical
model based on dielectric physics. After that, EFISHG measurement was employed
for studying interfacial processes in CuPc/Cgp OSCs. Results suggested that interfacial
charging process happened on the CuPc/Cg interface and the applied illumination can
change the polarity of the accumulated charges on the double-layer interface while the
direction of conduction current is the same. The Maxwell-Wagner model analysis
revealed that the photo conductance change is responsible for these converse

behaviors with and without illumination.

Results obtained here confirmed the dielectric performance of OSCs and thus will
be helpful for understanding basic carrier behavior related to photovoltaic effect. The

comparison between IS and EFISHG measurements also proved the capability of
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EFISHG for evaluating the carrier behavior inside OSCs sample. Hence, EFISHG can
be an effective method for study the mechanism of OSCs. EFISHG measurement
coupled with IS measurement provides a clear physics picture of interfacial

phenomena related to the photovoltaic effect in OSCs.
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Chapter 4 Analysis of electrode and interfacial charging

In last chapter, we already proved the capability of EFISHG measurement to
visualize the carrier behavior in OSCs. Hence, in this chapter, we will establish our
physical understanding about interfacial carrier processes based on Maxwell-Wagner
model and EFISHG observation. We also further demonstrate the application of 1-V,
IS and EFISHG for analyzing the carrier injection and transport properties in OSCs.
We focused on two interfacial charging processes, electrode charging and interfacial
charging. OSCs built up their internal electric field trough these two charging
processes. According we studied the detailed variation of these charging processes

under various external conditions.
0<Vex<\Voc Studied by external resistance

The electrode charging and the interfacial charging generated electric fields with

opposite direction across the Cg layer.
Vex<0 Studied by applied external biases

Interaction between Vex and electrode charging happened, charge neutralization

happened on the electrodes, which induced another electrode charging process.
0<Vex Studied by applied external biases

Only interfacial charging happened and it is corresponding to current changing.
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4.1 OSCs with external resistance

4.1.1 Explanation of the experiment

Application of double-layer structure to the OSCs simplifies the carrier-path as well
as the energy structure, and allows us to understand OSCs in terms of interface carrier
charging due to the Maxwell-Wagner effect [1-5]. Noteworthy that besides the MW
type interfacial carrier charging, electrode charging that provides the external electric
field makes a significant contribution to carrier behavior in OSCs, owing to the
dielectric nature of organic materials. Consequently we need a technique that is
capable of detecting carrier motion as well as electric field in OSCs for getting the
whole picture of the carrier behavior of the OSCs. The second-harmonic generation
technique has been proved to be useful for determining the electric fields occurring at
the interfaces of both organic and inorganic materials [11,12]. In previous section, we
have shown that optical EFISHG measurement was available for probing the effect of
Maxwell-Wagner type interface charging of pentacene/Cgy OSCs under short circuit
condition. This result motivated us to apply the EFISHG technique for further
analyzing the two charging processes in OSCs, i.e., electrode charging and interface
charging. In this section, by making use of EFISHG experiments on OSCs connected
to various external resistances Re, we analyzed the two charging processes, and
showed that the two charging processes exhibited opposite tendency due to the
photovoltaic (PV) effect of OSCs, whereas the response time of the two processes had
very similar changing tendency. The results also showed the insufficiency of the
model based on semiconductor physics for studying the interfacial behavior of the

OSCs, while Maxwell-Wagner model analysis is more suitable.
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Double-layer OSCs with an indium zinc oxide (1ZO)/pentacene/Cgo/Al structure
were prepared as portrayed in Fig. 4.1(a). The pentacene layer with a thickness of 40
nm (d;) and Cg layer with a thickness of 100 nm (d,) were successively deposited
onto the UV/ozone treated 1Z0O surface as the organic active layer. The working area
of the OSCs was A = 3.1 mm?. The relative dielectric constants of the pentacene layer

and the Ceo layer at 1 kHz wereg, =4.2and ¢, =6.5, respectively. A red light from a

light-emitting diode (wavelength 630 nm, intensity 1 mW/cm?) was used as a light
source to provide illumination pulse Fig. 4.1(b) shows the I-V characteristics of the
OSC under red illumination and in dark, where the open-circuit voltage Vo was 0.22

V, the short-circuit current density Js. was -0.09 mA/cm? and the fill-factor was 0.26.

In order to study the PV effect on carrier behavior in OSCs, we measured the
EFISHG at various I-V conditions by connecting various external resistances R, to the
OSCs in series, where transient EFISHGs were recorded. Hence, the external
resistances R, were 10, 25, 47, 100 and 180 kQ, and these resistances resulted in the
external voltages of 0.010, 0.050, 0.075, 0.100 and 0.150 V under illumination, which
make the OSCs to exhibit the corresponding I-V characteristics shown in Fig. 4.1(b).
The external resistance can keep the OSCs working at certain condition. It is like to
connect two I-V characteristic together, as shown in Fig. 4.1(c). The 1-V performance
of the single resistance is a straight line with the slope I/V=R.. The crossing point of
two I-V curve is the 1-V condition that exhibited by the OSCs connected to resistance
and the value of the Re can be directly obtained from the ratio of current and voltage
value of OSCs at that crossing point. Hence, by using the external resistance, we can

selectively maintain the different 1-V condition for OSCs, which can be helpful for
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characterizing the variation of the charging processes and thus for establishing a clear

physical picture for OSCs.
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Figure 4.1: Expreiment set up and I-V results (a) Sample structure and experimental

arrangement, and (b) I-V characteristics of the sample. (c) OCSs with external resistance

4.1.2 Interfacial charging and internal electric field

Figures 4.2(a) and (b) show the square-root of the SHG intensity generated from
the double-layer 1ZO/pentacene/Cgo/Al device in response to the red illumination
pulse (10 Hz). Under the illumination, the SHG intensity increased and then saturated,
whereas the SHG intensity decayed and returned to the initial intensity in dark. Here,
the SHG measurements were carried out with various external resistances R, on
gradually changing from open circuit condition (Re=o0) to short circuit condition (R,
=0). We also carried out additional SHG experiment by applying AC square-wave
voltage to determine the electric direction and the magnitude through the SHG
intensity [6, 7]. The results were shown in the inset of Fig. 4.2(b). Using the linear
relationship between the change of EFISHG intensity and applied voltage [8], the
electric field was rescaled on the right hand side y-axis of Fig. 2. From Figs. 4.2(a)
and (b) we found that the SHG signal under the illumination increased in the open

circuit condition (Re =), while it decreased in the short circuit condition (R, =0),
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suggesting that the directions of the electric field formed across Cg layer are opposite
with each other under these two conditions. As described in section 2.2, OSC device
iIs modeled using a paralleled conductor-capacitor (G-C) circuit, assuming that the
dielectric nature dominate the double layer properties, and charge Qs accumulated at
the pentacene/Cg interface is calculated (see section 2.2):

QM) =Q@)-ep(-—)] @7)

Taw

with the MW type relaxation time z,,,, = G +G, and Q, () = Ic(&—&), where I,
G +G, : G

is the steady-state’s conducting current flowing across the OSCs. It is instructive to
note that OSC devices generate photo currents due to the PV effect, and their
equivalent circuits usually contain a current source. In our analysis, the conducting
current I stands for the generated steady-state current across the device due to the PV
effect. That is, the contribution of the PV current source is taken into account in Eq.
(4.1), by using the MW type model. Noteworthy that the EFISHG measurement in
this study corresponds to small signal analysis. The applied illumination pulse is the
signal for triggering the OSCs sample, like the small AC signal used in the impedance
spectroscopy measurement. In this situation, OSCs can be treated as the simple double
layer system with an electrical excitation, which is suitable for the Maxwell-Wagner
model application. Therefore, the current source is omitted from an equivalent circuit.

For the open circuit condition, the current I¢ is nearly zero and thus theQ,(t) =0,
suggesting that the charging+Q,(t)on the two electrodes results in the change of the

Voo GG,

SHG signal under the illumination (E(0)=E, «c Q,(t)), WhereQ, () = :
¢ ¢ A C,+C,
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(Vex: external voltage). After the saturation of SHG intensity, the electric field across
the Cgo layer is 1.3x10° VV/m and it is very close to the external electric field induced

by the external voltage corresponding to Vo (E, =&L=1.32x106 V/m),

d, C,+C,
which proved no charge accumulated on the interface in a manner expected from the
MW model. It is instructive here to note that conventional electrical measurements
such as I-V measurements cannot directly provide information on the electric field
distribution of the double layer system, while the EFISHG measurements directly
probe the electric field and we used this result in the above analysis. On the other

hand, under short circuit condition, electrode charging is negligible, because ofV, ~0.

The observed relaxation of the SHG intensity was due to the charging at the
pentacene/Cg interface caused by the flowing of short circuit current, where the SHG
signal changed in negative direction under illumination, suggesting electrons were
accumulated at the interface [6]. The polarity of accumulated charges is governed by
the time constants difference of the two facing organic layers. Material properties,
such as dielectric constant and conductivity, will change due to degradation, and
results in different SHG performance, which explains the different polarity of the
SHG signal changing we reported in the reference [7]. In the present study, we
repeated the SHG experiments using many samples, and found that most of the
samples showed decrease of the SHG intensity under short circuit condition within the
limits of our experimental atmosphere. Noteworthy that for the photovoltaic model
based on semiconductor physics [9, 10], the internal electric field of OSCs under open
circuit condition is governed by the depletion layer of so-called PN junction. The

electric field of depletion layer would be offset by the V. under illumination, and can
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be a source of SHG signal. Meanwhile, under the short circuit condition the changing
of the band energy structure caused by the illumination is negligible, and this does not
lead to the change of SHG signal. However, our results were different from this

situation, due to the MW type charging at the pentacene/Cg interface.
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(b) Re from 25 kQ to short circuit.
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(c) SHG results with different external resistance in linear scale.

Figure 4.2: SHG measurement with different external resistance (a) R, from open
circuit to 47 kQ, and (b) Re from25 kQto short circuit. () SHG results with different

external resistance in linear scale.

For the experiments with external resistance connected to OSCs, both of the two
charging processes are activated and the electric field in the OSCs changes
accordingly. Note that the two charging processes provide the electric fields with
opposite directions in the Cgo layer. As the result, under the illumination, the SHG
intensity increases at the beginning, and then decreases (see Figs. 4.2(a) and (b)).
After stopping the illumination, two discharging processes were also observed in Figs.
4.2(a) and (b), where the two discharging processes showed a similar sequence with
the charging processes. In order to clarify the initial rise of the SHG generation of Fig.
4.2(a), this figure is enlarged and plotted as Fig. 4.2(c) in linear scale. Here, we

calculated the charge density provided by the charging processes on the two

electrodes and at the interface (Q, =¢,5E,,Q, = Esdz(%+%)). The results
1 2

-122 -



were shown in Fig. 4.3(a). With the increase of Re, Qe 0n the two electrodes increased,
while the Qs at the interface decreased. The Q. on the electrodes is proportional to the
external voltage Ve, While the Qs at the pentacene/Cg interface changes in proportion
to the current I.. For the illuminated OSCs in the external voltage region from 0 to V,,
the increase of the Ve led to the decrease of the magnitude of I, due to the PV effect.
Accordingly the two charging processes inside the device would exhibit the opposite
changing tendency. Note that, when the R was around 47 kQ, E.=E; with Q.=0.62Qs,
and the EFISHG signal returned to initial state at t = 0.01 s after the illumination, as
shown in Fig. 4.2(a). Figure 4.2 also indicated that the residual of the SHG signal
gradually increased from the open-circuit condition to the short-circuit condition. This
residual was possibly due to the presence of deep traps at the pentacene/Cg interface,
and the decrease of the SHG signal indicated that the trapped charges were electrons.
Since the conducting current of the OSCs gradually increased from open-circuit
condition to short-circuit condition, the trapping would be activated correspondingly,
as seen in Fig. 4.2. The presence of traps slows down the charging processes, but this

effect will be eliminated by prolong the period time of the illumination pulse.
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SHG results of charge density
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Figure 4.3: Charge density and relaxation time changing with external resistance (a)

Charge density of two charging processes, and (b) Relaxation time of two processes.

By using a curve-fitting method based on a filtering technique described in section
3.2.3 [11, 12], the time-constants of the two charging processes were evaluated, and
the results were plotted in Fig. 4.3(b), where the relaxation times of the both processes
increased with increase of the external resistance. Here, the source of the electrode
charging is the charges generated at the pentacene/Cgg interface due to the PV effect,

unlike other organic electronic devices whose charges are supplied by the externally
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C1C2
C +C,

applied potential with a response time . =R, [2, 13]. Accordingly the

. . S Q. Ad
relaxation time r,of the electrode charging is given asz, =7, +j0 —Q(re << Tpe )y

1(Q)

where ther, (on the order of 10°s ) is the transit time for charges to research the

electrodes, which is estimated from the intercept on the time scale in Fig. 4.2(a) (also

see Fig. 4.2(c)), 1(Q)is the current value that depends on the Q. on the electrodes,

and it decreases with increase of the Q. due to PV effect (see the I-V curve in Fig.
4.1(b)). Since the electrode charge density =+ Q. increases with the increase of the R,

(see Fig. 4.3(a)), the response time z, is prolonged accordingly. On the other hand, the
response time 7, of the charging on the pentacene/Cg interface is approximately given
aSt, = 7o +7, [6], Wherez is the response time of the external circuit. The increase
of 7. in accordance with the increase of the R, accounts for the delay of the relaxation
time z,shown in the Fig. 4.3(b). As mentioned, the photovoltaic effect observed in the

OSCs were well explained by assuming electrode and interface charging made a

significant effect on the carrier processes of OSCs.
4.1.3 Discharging processes

In last section, EFISHG technique has been applied to analyzing carrier behaviors
in OSCs. By connecting external resistance to the OSCs, carrier transits in OSCs were
visualized and nonreversible interface charging and electrode charging processes were
identified. Interestingly, the charge density at the interface increased in the
discharging process. Noteworthy that such increase of charge carrier density has not

been observed for other organic devices, such as OLEDs and OFETS, suggesting that
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photovoltaic effects were responsible for this process. In the present section, in order
to further clarify this anomalous interfacial recharging process, we further carried the
transient EFISHG experiments and analyzed the recharging process using a
Maxwell-Wagner model. We concluded that change of conductance induced by
illumination caused the anomalous discharging. Finally, we showed that the IS

analysis supported this conclusion.

illumination dark
T T T T T T ] [106]

Sqrt [SHG signal]
h

Electric field [V/m]

| | | 1 | | 1 L L L L L L L
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Time [s] Time [s]

Figure 4.4: EFISHG measurement with external resistance of 10, 47 and 170 KQ.

Figure 4.4 shows the SHG intensity generated from the double-layer
1ZO/pentacene/Cgo/ Al device in response to the red illumination pulse (10 Hz). Here,
the measurements were carried out with connecting external series resistances Re= 10,
47 and 170 kR, respectively. Upon the illumination the SHG intensity increased and
then saturated, whereas it decayed by stopping the illumination. In Fig. 4.4, y-axis
represents the electric field, which was estimated using the linear relationship between
the EFISHG intensity and applied voltage [7, 14]. The transient SHG signal response

under the illumination indicated the presence of two series charging processes, and
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the formation of the electric field in the Cg layer in opposite directions successively
with elapsed time. These were electrodes charging and interfacial charging on the
double-layer interface [14]. The response time of the electrode discharging is given

ClCZ

i and it is different from the response time 7' in the charging
1+ 2

aSTe :TRC = R

(]

process (z',=7, + QeAd—Q,Where the z,_is the transit time for charges to research the
e tr o I (Q) tr

electrodes and A = 3.1 mm®). The experimental discharging response time z obtained
using the filtering method (see section 3.2.3) was in good agreement with the
response time zzc of the equivalent circuit, and it wasz, =z, ~0.8x10°s. As shown
in section 2.2, a simple Maxwell-Wagner model can be used for analyzing interfacial
processes in double-layer samples. The double layer is modeled using a parallel
circuit comprised of conductor (G;, G,) and capacitor (Cy, C,), as also shown in Fig.
4.5(a). According to the Maxwell-Wagner effect, charge Qs is accumulated with a
response time rz,,, atthe interface between layers 1 and 2. The detailed calculation
of the accumulated charges ca be explained by Eq. (2.7). Noteworthy that interfacial
charging process and its discharging should be reversible if conductance (G; and Gy)
and capacitance (C; and C,) are constant. However, our EFISHG experiments showed
that the interface discharging process and the charging process were non-reversible, as
shown in Fig. 4.4. For Ro= 47 KQ (V&= 0.075 V) , the electric field increased about
0.25x 10° V/m due to the interface charging of Q, (=0.46 x 10® C/cm?) in the
charging process, while in the discharging process the electric field decayed about 0.5
% 10° V/m, corresponding to the interface discharging of Qs (=0.92 x 10°® C/cm?).

Similar phenomena were also found in the OSCs sample with other R, (see Fig. 4.4).

-127 -



This result indicated that the pentacene/Cgg interface experienced a recharging process

during the discharging process. According to the Maxwell-Wagner effect, Qs at the

steady-states is given as Qs(oo)=|c(&_ﬁ) (see EQ.(2.7)). Consequently, the
o

2

conductivity (o iand 0 ;) of the active layers, pentacene and Cgo, Was considered to be

decreased after stopping the illumination [15-17]. With decrease of the conductivity,

the saturated charge density Q, (o) on the interface could be increased, which met the

precondition of the interface recharging. Meanwhile, conduction current continuously
flowed through the circuit during the electrode discharging process. Eventually, the
interface was recharged. Fig. 4.5(b) illustrates the recharging process based on the

above mentioned discussion.

=
°
=
£
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photo induced charging
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Figure 4.5: (a) Equivalent circuit for the sample. (b) Simple model for explaining

recharging process.
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(b)
Figure 4.6: IS measurements of the OSCs with different DC biases (a) In dark

condition and (b) Under illumination.
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Figure 4.7: The increased charge density AQ, during the interface recharging with

different Vey.

In order to verify the contribution of the conductivity change in terms of the
recharging, we employed the impedance spectroscopy (IS) technigque, and measured
the frequency dependence of the impedance of our sample. Figure 4.6 shows the
results plotted as the Nyquist plot, where the x- and y-axes represent the real part and

imaginary part of impedance, respectively. The single relaxation process of

impedance is given asz — G —jo c =X — jvy ,» Where G (=G4//G;) and C
G’ +w’C’ G’ +w’C?

(=C4/IC,) are the total conductance and capacitance of the OSCs, respectively.

Consequently, the following expression of a Nyquist circle is obtained

2
(X—ij +Y% = 12 ,Withezarctan(cwj- (4.1)
2G 4G G

The diameter of the Nyquist circle isG™. In dark condition (see Fig. 4.6(a)), the

increase of DC bias led to the narrowing of the Nyquist circle, indicating the increase
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of conductivity of the organic layer. It is instructive here to note that G and C in Eq.

(4.1) are a.c. conductance and a.c. capacitance, and they are defined as
G(V,)=8G/aV|,y, and C(V)=aClaV|,, at V=V, , respectively. With

applying the d.c. bias to OSCs, carriers injected into organic active layer and a current
flows in a manner as space charge limited current, | oc V2. That is the current increases
nonlinearly with applied voltage. Consequently, the a.c. conductivity of the organic
layer increased in proportional to the DC biasing, as shown in Fig. 4.6(a). By contrast,
under the illumination, Fig. 4.6(b) indicates that the a.c. conductivity of the organic

layer decreases with increase of d.c. bias. This result is supported by the I-V

characteristics of Fig. 4.1(b), where the slope defined by G(V,) =8G/8V‘V:\,O under

illumination decreases with increase of the d.c. bias. In more details, in the region 0
V~V,., the increase of the a.c. conductance is suppressed due to the photovoltaic
effect, and resulted in the expanding of the Nyquist circle in Fig. 4.6(b). In other
words, the d.c. conductance significantly increased by the illumination, but the
increase of the a.c. conductance with respect to biasing voltage is limited and
decreased in the region 0 < V < V.. This evidently supported our conclusion on the
interface recharging during the discharging process. Furthermore, according to the IS
results, the recharging process was supposed to be suppressed by increase of external
voltage. Similar phenomena were also found with the EFISHG measurements. Figure

4.7 summarized the increase of the charging density AQ, due to the interface

recharging, where the increase of the Ve led to the inhibition of the interface

recharging. The SHG results is well supported by the IS measurement.
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4.2 OSCs under external biases

In last section 4.1, we applied this technique to study carrier behaviors in OSCs, by
connecting an external resistance to the OSCs. The result showed that non-zero
electric field was formed in OSCs by the PV potential Ve, but a current flowing
through the external resistance decreased this initial electric field, in a manner as E o
Voce- 1pRex. Here Iy is the photocurrent and Rey is the external resistance. Accordingly,
the carrier behavior in the region 0 < Ve,< Ve (Vex: external voltage) was able to be
explored. However, we could not examine the carrier behaviors in the region V< 0
and Ve>Voc. On the one hand, using an external d.c. voltage to the OSCs enables us to
examine the carrier behaviors over the entire region of V. Note that potential
difference across OSCs is constant in the measurement using an external voltage,
whereas it varies with a current flowing through OSCs in the measurement using an
external resistance. In this study, by connecting an external battery to double-layer
IZO/pentacene/Cgo/ Al OSCs, transient carrier behaviors in the OSCs were studied

with and without photo-illumination using the EFISHG,

4.2.1 EFISHG measurement by applying pulse voltages in dark

The EFISHG probes the electric field across the Cgo layer and it reflects carrier
behaviors as described in section 4.1.2. The electric field E(0) is sum of the external
electric field (Ex), space-charge field (E;) caused by accumulated charges at the
pentacene/Cego interface, and PV field (Eyn). In the absence of photoillumination,
obviously Eph=0. Figure 4.8(a) shows the EFISHG response of the double-layer

IZO/pentacene/Cgo/Al device in dark, in response to the AC square-wave voltage
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pulse (10 Hz). Here the biasing d.c. voltage Vex was +0.3V or -0.3V, and it was
applied on the 1ZO electrode with reference to the Al electrode. By using a
curve-fitting method based on a filtering technique (see section 3.2.3), two carrier

relaxation processes (denoted by wc, aww) were identified from the transient SHG
signal, as depicted in Fig. 4.8(a). The r,. =2x10"sis the response time for electrode
charging through the external circuit, and 7, is the response time for the
Maxwell-Wagner type interfacial charging (see Eq. (2.7)) andz,,, =2.4x10°swith

Vex=0.3 V, while 7,,,, =3x10°s with Ve=-0.3 V.

charging in dark

N
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Potential

Pentacene  Cg

(b)
Figure 4.8: (a) EFISHG measurement with applied voltage pulse in dark condition.
Relaxation times ¢ and zyw stand for the electrode charge and double-layer interface

charge relaxations. (b) The sketch of the steady-state potential profiles across the

double-layer under external voltage.

Interestingly, the responses of the SHG under +0.3 V and -0.3 V were similar and
mirror-symmetric with the base line at V=0, but there was a significant difference in
the change of the SHG response, where the change under Ve, = +0.3 V was bigger
than that under Ve=-0.3 V. In more details, the magnitude of applied external field Ee
was the same for both positive and negative biasing conditions, i.e., at Ve=+0.3 V, but
the MW interface charge field Es was more significant for the positive biasing voltage,
Vex=10.3 V. Noteworthy that a diode-like dark current flows across the OSCs with a
rectification ratio of one order at £0.3 V, in a manner as depicted in the inset of Fig.
4.8(b). The forward current flows when the OSCs is positively biased to the 1ZO

electrode (Al electrode grounded), suggesting smooth hole injection from the 1ZO to
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pentacene. Owing to the Maxwell-Wagner effect, excess charges are accumulated at
the double-layer interface and non-zero space charge electric fields are formed in the

OSCs (see Eq.(2.7)). The accumulated charge Q. at the double-layer interface is
governed by the conduction current | that flows across the interface, and it is given
asQ, () = I A7 (see Eq.(2.7)). For the negative biasing V< 0, 1.is very small. As a

result, accumulated charge at the double-layer interface is negligible and Esis nearly
zero for Ve<0. The difference in the amount of accumulated charges accounts for the
difference of the SHG response observed in Fig. 4.8(a) for Ve,= +0.3 V and -0.3 V.
Suggested potential profiles in the OSC are displayed in Fig. 4.8(b), where
accumulated positive charges enhance electric field in the Cgo layer (Vex>0), whereas
accumulated negative charges decrease the electric field, but nearly zero (Vex<0). The
suggested potential profiles accounts for the non-symmetric response of Fig. 4.8(a).
Note that the SHG enhancement is observed at Ve,=0, as can be seen as the base line
of Fig. 4.8(a). This is possibly due to an internal electric field (pointing in the
direction from 1ZO to Al electrode), induced by such as work function difference
between two electrodes and others. However, the presence of this field does not lose

the generality of our discussion.

4.2.2 EFISHG measurement with illumination pulse under d.c. biasing

Figures 4.9(a) and (b) show the SHG generated from the double-layer
IZO/pentacene/Cgo/Al device in response to the red illumination pulse. The EFISHG
measurements were carried out at various biasing voltages (Vex), in the region between

-0.3 V and 0.3V. As shown in Figs. 4.9(a) and (b), the initial value of the SHG is
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dependent on bias voltage, and it corresponds to the saturated value at 107 s in Fig.
4.8(a). As discussed in our previous paper [14], the photo-induced internal electric
field has two origins. One is induced in the direction from the 1ZO to the Al electrode
as a result of PV effect (Epne). Another one is generated by the accumulated charges
Qs at the double-layer interface due to Maxwell-Wagner effect (Epns) and its direction
is dependent on the polarity of Qs. As that, a local electric field is given as the sum of

the two electric fields, Epn=Epnet+Ephs.
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Figure 4.9: EFISHG results with the different voltage bias (a) from 0 V to -0.3 V and
(b) from 0 V to 0.3 V and (c) sketch of potential profiles across double-layer structure
under illumination, where dotted line is the potential provided by the bias voltage in

dark and solid line is the potential profile under illumination.

Figure 4.9(a) shows the SHG results forv, <0. For V. =0 (short-circuit condition),

the SHG decreased with applying illumination, suggesting that PV effect apparently

induced a Maxwell-Wagner type interfacial electrons charging [7]. On the other hand,
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with Ve=-0.3 V and -0.1 V, upon illumination the EFISHG increased firstly and then
decreased, indicating that Eyne and Epn s Wwere activated successively and the direction
of these two electric fields were opposite to each other. Under illumination
photocurrent 1,,<0 flowed across the double-layer interface, which resulted in the
accumulation of electrons due to Maxwell-Wagner interfacial charging (see Eq. (2.7)).
Accordingly, the SHG intensity should be gradually decreased, and indicates that the
first relaxation process (the SHG increasing process) was not the Maxwell-Wagner
type interfacial charging. On the other hand, the relaxation time less than 10 s is in
agreement with the carrier transit time across the organic film layer [14], suggesting
that the first relaxation process was due to the electrode charging caused by the PV
effect. In more detail, under the illumination, carriers were created in OSCs due to
exciton dissociation at double-layer interfaces, and electrons and holes were
transported to the opposite electrodes. Meanwhile, the polarity of the charges
conveyed to the electrodes was opposite with the charges on the electrodes induced by
the applied V. Consequently, recombination occurred on the electrodes. Through this
process, the PV field Epne compensated the field by applied Ve as observed in Fig.
4.9(a). The Epne increased the SHG signal, and finally the SHG reaches the intensity
value corresponding to the short-circuit condition in dark. Therefore, Eyh e is generated

C, Vy

o =— . After
C,+C, d,

in the opposite direction with applied Ve, andE,  ~-E

photo-induced electrode charging, the second relaxation process follows due to the
MW interface charging. This interface charging accumulates electrons at the

double-layer interface and establishes an additional electric field Epy, s accordingly. As
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a result, the SHG signal decreases in a manner similar to the SHG decaying under the

short-circuit condition as shown in Fig. 4.9(a).

Under biasing condition of 0 < Ve < Voo and Voo < Vex (Vex =0.1 V and 0.3 V),
respectively, the SHG response was measured upon illumination, as shown in Fig.
4.9(b). Interestingly, only one relaxation was observed. It is instructive here to note
that the current flowing across the OSCs was proportional to the square of the applied
voltage | o« V%, suggesting the space-charge limited current condition (SCLC) was
established in the OSCs, and the electric field distribution through the device was in a

manner as E oc (x/d)Y2

[18] from the electrode surface (x=0) and provided a very
strong electric field across the Cgo layer. In this situation, accumulation of the charge
Qe on the 1ZO electrode is suppressed owing to the smoothly SCLC carrier injection
from electrodes by applied voltage. Accordingly the electrode charging due to the PV
effect cannot be activated (Epne=0). As a result, the SHG signal mainly traces the
interface charging (Epns) caused by the flowing photocurrent. As described in section
4.1.2, the interface charging under biasing condition of 0 < Ve < Vi causes the
decrease of the SHG signal, in a similar manner shown in Fig. 4.9(b). For V=0.3 V,
the SHG signal slightly decreased with illumination. The relaxation time of the SHG
signal corresponded to the Maxwell-Wagner interfacial relaxation, suggesting that the
decrease of the SHG signal reflected the change of space charge field Eyns. According

to Eq. (2.7), accumulated charge Qs at the interface is given by Q, (=) = I.Az. Note

that 1 was nearly the same under illumination and in dark at Ve=0.3 V. Accordingly
the change of Az due to illumination was a main physical reasoning for the change

accumulation Qs, which led to the decrease of the SHG signal by illumination.
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Pentacene and Cgp are photosensitive materials [15-17], and their carrier relaxation
times decrease Dby illumination. Our impendence measurements showed that
the Az changes by a factor of 3 due to illumination [15, 16, 19]. Hence, the
discharging of the Qs on the interface can be considered as the generation of the Epns
to compensate the Es. Fig. 4.9(c) illustrates the suggested potential profiles. As
described above, the carrier behavior in OSCs under photoillumination was probed by
the EFISHG measurements, and the carrier behaviors over the entire region of applied
d.c. biasing conditions can be discussed with consideration of the dielectric nature of

organic double layers in OSCs.

4.3 Summary

In this chapter, EFISHG measurement was applied to investigate electrode charging
and interfacial charging happened inside pentacene/Cg, double-layer OSCs in terms of
photovoltaic effect. Making use of OSCs connected to various resistances R, showed
that the two charging processes exhibit opposite changing tendency due to the
photovoltaic effect, while the response time of the both two charging processes
increase with the increases of Re. The EFISHG measurements also demonstrated that
two charging processes produce electric fields with opposite directions in the Cg layer.
Moreover, we also studied discharging process on the double-layer interface of OSCs
by using the same measurement, and modeled the recharging process at such interface.
The charging and discharging processes on the double-layer interface by photo

illumination were nonreversible, and a recharging process continued after the
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illumination stopped. This discovery was supported by the IS analysis and the

analysis of OSCs based on the Maxwell-Wagner model.

On the other hand, by applying external biasing voltage to the OSCs, we carried the
EFISHG measurement with photo illumination. Results showed that only organic
double-layer interface charging was induced under positive d.c. biasing by
photoillumination, while interface and electrode charging were induced under
negative d.c. biasing. Hence, we confirmed the OSCs build up its internal electric
field due to the PV effect as well as the interfacial charging processes. That is, the
carrier behaviors in the OSCs were governed by the dielectric nature of the organic

double layer.

Results obtained here further confirmed the dielectric performance dominate the
performance of OSCs. By connecting external resistance and external biases to the
OSCs, the carrier behavior over the entire region of Ve was examined and a clear
physical picture of OSCs based on dielectric physics was established. This physical
understand enable us to study the interfacial carrier behavior and its contribution to
the OSCs performance. Finally, based on this physical model we will bring out some
suggestion for improving the performance of OSCs and this is research purpose of

next section.
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Chapter 5 Interfacial charging and I-V performance of OSCs

In this chapter, we pay attention to the contribution of Maxwell-Wagner type
interfacial charging to the I-V performance of OFETs. EFISHG measurements were
performed to estimate the relaxation time and accumulated charge density on the
interfaces of OSCs. Here the Maxwell-Wagner model was used to explain all the
experimental data. Finally, we proved that the existence of interfacial charging

deteriorates the performance of OSCs. The details are showed as follow:

1. The accumulated charges on the interfaces induce a recombination current and
consequently the photo current is depleted by this recombination current at the

interfaces.

2. The slow attenuation of this recombination current also leads to the deterioration

of the fill-factor of OSCs.

3. The accumulated charges require another external voltage V' to assist
photo-generated charges from leaving the interface, which decreases the effective

\Voc.

We also figured out two methods (exciton blocking layer and interfacial charging
blocking layer) to suppress the interfacial charging happened inside OSCs and the 1-V

performance of OSCs was enhanced accordingly.
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5.1 Consumption of JSC

In order to improve the efficiency of OSCs, many ideas have been presented.
Among them are the development of new organic molecules with appropriate HOMO
and LUMO states, the use of blocking layers between electrodes and active layers of
OSCs, and so forth [1-3]. These efforts have made a contribution to increase open
voltage as well as short-circuit current of OSCs, and thus to improve the efficiency of
OSCs [2-6]. However, the detailed study related to the carrier behavior as well as the
electrical phenomena induced by the introduction of the blocking layer is still not
sufficient. Owing to the dielectric nature of organic materials, accumulated charges at
the interface due to the Maxwell-Wagner effect significantly changes the potential
distribution in OSCs, and results in the modification of the energetic [7-9]. Therefore,
direct probing of the electric field and potential profiles in OSCs will be of help to

understand carrier behaviors in OSCs, and thus to improve the device performance.

We have been developing a technique of the electric field induced optical second
harmonic generation (EFISHG) measurement that is capable of directly probing
carrier motions and electric field distribution in organic devices, e.g., organic field
effect transistors, organic electroluminescence devices [10, 11], and organic solar cells
[6, 7], and could show the presence of the Maxwell-Wagner effect interface charges at
various interfaces. This motivated us to study the contribution of the blocking-layers
in OSC:s to the interfacial carrier processes by means of the EFISHG measurement. In
this section, we prepared 1ZO/pentacene/Cgo/Bathocuproine (BCP)/Al OSCs with a
blocking BCP layer, and studied the contribution of interfacial charging to Jsc.

Modeling the prepared OSCs as Maxwell-Wagner effect elements accounted for our
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experimental results, and the contribution of blocking layers to OSCs has been
clarified. We carried the EFISHG measurement by applying DC pulse voltage to the
OSCs in dark, and also by applying illumination pulse to the OSCs under short-circuit
condition. In these two measurements, we probed the SHG generated from the Cg

layer.
5.1.1 Triple-layer OSCs with exciton blocking layer

Figure 5.1(a) portrays OSCs with an indium zinc oxide 1ZO/pentacene/Cgo/ BCP/AI
structure. These OSCs were prepared as follows: 1ZO-coated glass substrates were
UV/ozone treated to be nearly free from organic residuals. The pentacene layer with a
thickness of 40 nm (d;) and the Cg layer with a thickness of 50 nm (d,) were
successively deposited onto the UV/ozone treated 1ZO. After that, a BCP layer with a
thickness of 10 nm was deposited. Finally, Al electrodes with a thickness of 100 nm
were deposited onto the surface of Cgo layer, where the working area of the OSCs was

A =3.1 mm?. As the reference, OSCs without BCP layer were also prepared.

In the measurement, a red light from a light-emitting diode (wavelength 630 nm,
intensity 1 mW/cm?) was used as a light source to provide illumination pulse
(repetition rate 10 Hz, duration 50 ms, switching on and off time within 50 ns) to the
OSCs. Note that pentacene and Cg layers absorb light at a wavelength of 630 nm [6],
and generate excitons inside their layers. Figure 5.1(b) shows the |-V characteristics
of the OSCs under illumination and in dark. The introduction of the BCP layer was
effective for improving the device performance, in a manner as other researchers

pointed out [1-3]. For the OSC sample with no BCP-blocking layer, Voc = 0.24 V, J. =
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-0.23 mA/cm?, and FF = 0.15, whereas for the sample with BCP-blocking layer, Voe =

0.25V, Ji. = -1.33 mA/cm?, and FF = 0.45.
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Figure 5.1: Expreiment set up and I-V results (a) experimental setup for the EFISHG
measurement (b) I-V characteristics of the OSCs sample. (c) EFISHG spectra of the
1Z0/Cgo/Al and 1ZO/BCP/AI single-layer devices under shortcircuit condition and

voltage application.

Figure 5.1(a) also portrays the arrangement of the SHG measurement for probing
the electric field in OSCs. A pulsed laser was used as a probing light (repetition rate
10 Hz, average power 1 mW/cm?, duration 4 ns), which was generated from an
optical parametric oscillator pumped with the third-harmonic light of Q-switched
Nd:YAG laser. The delay time of the laser pulse corresponded to the initial time of the
illumination pulse. A p-polarized pulsed laser beam was focused onto the sample
surface at an incident angle of 45° The SHG light generated from the sample was
detected using the photomultiplier tube, and its intensity was recorded with a digital
multimeter. The generation of SHG is material dependent and it shows wavelength
dependence of incident laser beam. Accordingly, Cg layer provides strong SHG

signal at a wavelength of A,,= 500 nm, whereas pentacene shows no SHG response at
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this wavelength [6, 9, 12]. Hence, we used a laser beam with a wavelength of A, =
1000 nm, and recorded the generated SHG signal at a wavelength of A,,= 500 nm to
selectively measure the electric field in Cgy layer. However, as we used OSCs with a
BCP layer, we need to confirm no SHG response from the BCP layer at 500 nm.
Figure 5.1(c) shows the SHG spectra of the BCP and the Cg single-layer devices,
with structures of 1ZO/BCP(200nm)/Al and 1Z0/Cgy(200nm)/Al. Results show that
the SHG response from the BCP single layer device at 500 nm is negligibly small at
DC biasing voltages of 0 V and 12 V, whereas the SHG response from the Cg single
layer device is very strong, and clearly dependent on the DC biasing voltages.
Therefore the SHG response from our OSCs at 500 nm originates from the Cg layer,
due to the electric field induced second harmonic generation process, and this SHG

response will be of help for investigating the electric phenomena induced in OSCs.

In our EFISHG experiments on the 1ZO/pentacene/Cgo/BCP/Al OSCs, by using a
laser beam with a wavelength of A,=1000 nm, EFISHG is activated in the Cgo layer,
due to the coupling of electrons in Cgo molecules and electro-magnetic waves of the
incident laser beam E (o) in the presence of local electrostatic field E (0). Note that
the square-root of the generated SHG intensity is in proportion to the electric field E
(0) in the Cgo layer [13]. E (0) is given as Ep+E.+Eg+Eg,, Where Ey is the background
internal electric field established in the devices due to the presence of trapped carriers,
work-function difference, etc., Ec is the electric field originated from charges -Q. (t)
on Al and +Q. (t) on 1ZO electrodes, Es; is the electric field originated from
accumulated charges Qs (t) at the pentacene/Cg interface, and Eg, is the electric field
originated from accumulated charges Qs(t) at the Cgo/BCP interface. Accordingly, we

can discuss carrier behaviors in the OSCs by probing the transient EFISHG.
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5.1.2 EFISHG measurement by applying pulse voltage in dark

In a manner as described in section 2.2, OSC device with a BCP blocking layer is
modeled using a parallel conductor-capacitor (G-C) circuit, as shown in the Fig. 1(a).
With a DC voltage applied to the OSCs in dark, charge +Q(t) is induced on the top

C.C.C,

e ~ 2 X 1077 SH
CC,+CC,+C.C,

and bottom electrodes with a response time =R

where R.= 160Q2 is the external resistance [7]. This is the electrode charging process.
After that electrode charge on the 1ZO is injected into the pentacene, and charge Qs is
accumulated at the pentacene/Cg interface and Qs at the Cgo/BCP interface. Here we
assumed that the BCP layer is working as a blocking layer. These accumulated

charges are given as:

t

Qi) =Qu()l-ep(-—)] (1=1,2), (2.14)

Thwi

with the Maxwell-Wagner (MW) type relaxation timesz,,, ( >>7,.) and
Q,i () =1.Az; (i=1,2), where I is the steady-state current flowing across the OSCs
[21], and A7, (i = 1, 2) is the relaxation time difference between the adjacent

materials, i.e., pentacene and Cg , and Cgoand BCP. This is the interfacial charging
process. As described in section 2, the EFISHG signal response reflects the electric
field E (0) across the Cg layer. The electric field E (0) is dependent on the

accumulated charges Q (t) at the pentacene/Cgo and the Ceo/BCP interfaces (interfacial

charging), and also on the induced charge on the electrode £Q.(t) (electrode charging).
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Hence, the generated SHG offers us the information about the carrier behaviors in
OSCs with a BCP layer. Note that we can trace the interfacial carrier charging process

through the local electric field E (0) estimated from the EFISHG signal Isyg [6], using

the relation Ig,, o|E(0)|" .
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Figure 5.2: EFISHG measurements of the triple-layer OSCs using voltage pulse.

Figure 5.2 shows the EFISHG generated from the 1ZO/pentacene/Cgo/BCP/Al OSC
in response to the AC square-wave voltage pulse (10 Hz), where the amplitude of the
DC applied voltage Ve, was +0.3V or -0.3V. Three relaxation processes were
identified during the EFISHG measurement, corresponding to the electrode charging
(Ee) and two interfacial charging (Esi, Es2). The first relaxation process was observed
just after applying AC square-wave voltage pulse, due to the electrode charging,
which resulted in the E. across the Al and ITO electrodes. The established electric

field Ee by electrode charging is given as E, _ Ve GG ~2.25x10°V/m ,
d, C,C,+C,C,+C,C,

and the corresponding EFISHG signal intensity changing is 1.5 within the limit of our
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experiment, which means that the increase of the SHG signal beyond this change is
related to the interfacial charging process. After the electrode charging, two interfacial

charging processes followed [6, 9] (7. <<z ). FOr Vex = -0.3 'V, firstly the SHG

signal was further increased and then decreased, suggesting that the presence of
charge accumulation at the two interfaces. Accordingly the two electric fields, Es; and
Es», were successively formed in the Cgo layer along with interfacial charge
accumulation, and their electric field directions inside the Cgo layer were opposite
with each other. Our previous study showed that negative charges (electrons)
accumulate at the pentacene/Cgo interface under Ve, =-0.3 V, possibly because the
pentacene layer was more conductive than the Cgo layer [6-9]. With consideration of
these, the second and the succeeding third relaxation processes observed after
applying AC square-wave voltage pulse were assigned due to the electron
accumulation at the pentacene/Cgo interface and the Cg/BCP interface, respectively.
The time-constants of the charging processes were evaluated by using a curve-fitting
method based on a filtering technique (see section 3.2.3). In the analysis, the
first-order filtering function was defined as Fi(t1)= s(t 1)-s(2t 1), where s(t) is an
square-root of EFISHG intensity. The filtering function gives peaks at times that
correspond to time-constants of the signal response s(t), and it can effectively
determine time-constants of a signal response [8]. In other words, the presence of the
three relaxation processes was verified by employing the filtering method.
Accordingly, for Ve = -0.3 V, the relaxation time of electrode charging was

Toe #2.4x107's and this value was in good agreement with the response time

estimated from the equivalent circuit analysis, r . ~2x10”'s . Meanwhile, the
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response time of charge accumulation at the pentacene/Cgo interface and Cg/BCP

interface were 7, ~4.2x10°s and r_, ~2x107°s , respectively. Noteworthy that

applying negative pulse (Ve=-0.3 V) lead to the increase of the SHG signal, but this
result was contradict with our previous experimental results obtained by using OSCs
with a structure of 1ZO/pentacene/Cgy /Al with no BCP layer [6-9]. This result
indicated that the background electric field E, of the triple-layer sample was pointing
in the direction from Al electrode to the 1ZO electrode. Accordingly, the transport of
generated carriers was enhanced and resulted in the increase of the open-circuit
voltage (Voc). The detailed physical reason of the creation of this background electric
field is out of scope of this study, but we should note that the experimental results
were well explained by assuming the presence of this background electric field Ep. It
is instructive here to note that for Ve< 0, the high potential barrier of the 1ZO
electrode for electron injection into the pentacene layer suppressed the current to flow
across the devices, and slowed down the two interfacial charging processes.

Accordingly, we could identify three distinct relaxation processes.

On the other hand, for Ve,> 0, the application of positive voltage assisted holes to
smoothly inject from the 1ZO to the pentacene layer and resulted in the acceleration of
interfacial relaxation. As shown in the I-V curve of Fig. 5.1(b), the dark current of
OSCs exhibits the diode-like behavior with a rectification ratio of nearly two orders at
+0.3 V. As discussed in section 3, the time constants of the two relaxation processes
decreased with the increase of the conductivity of the organic layer. Meanwhile, the

increase of the conductivity also led to the decrease of Az,,, . Two interfacial charging

processes were accelerated and the two time constants (1/a and 1/8) got very close to
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each other. Hence, as suggested by egs. (2.12) and (2.13), the interaction between two
charging processes resulted in the suppression of the charge accumulation on the two
interfaces. Hence, as seen in Fig. 5.2 with V¢ = 0.3 V, only electrode charging process
was observed by the EFISHG measurement, and two interfacial charging processes
were merged each other completely. Nevertheless, the existence of these two
interfacial relaxation processes was identified in the discharging process. That is,
under the application of Ve = 0.3 V, holes accumulated on the pentacene/Cgo and the
Ceso/BCP interfaces very smoothly. Then, in the discharging process, the relaxation of
the accumulated charges on the Cg/BCP was suppressed owing to the low
hole-mobility of the Cg layer and the low electric field across the Cgo layer. As a
result, the two interfacial relaxation processes were identified in the discharging
process of OSCs (see Fig. 5.2). The experimental results well supported the analysis
based on the Maxwell-Wagner model (see section. 2.2). EFISHG measurements with
the AC square-wave voltages verified that both holes and electrons can be
accumulated on the two interfaces of OSCs and two charging processes depend on
each other. Hence, EFISHG measurements with the application of voltage pulses
verified that both holes and electrons can be accumulated on the two interfaces of
OSCs and the established electric fields Es; and Eg, always counteract each other

inside the Cgo layer.

5.1.3 EFISHG measurement with illumination pulse

Figure 5.3 shows the EFISHG generated from the OSC samples with and without a
BCP blocking layer. Here the OSCs were activated continuously by an illumination

pulse with a frequency of 10 Hz under short-circuit condition. The EFISHG response
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records the variation of the photo-induced electric field inside the Cg layer, and the
local electric fields E (0) are given as Ep+E¢+Eg ¢ for the OSC without a BCP layer
(double-layer sample), and Ep+E.+Es;+Es, for the OSC with a BCP layer (triple-layer
sample), respectively. It is instructive here to note that the directions of the
background electric field E, of these two samples are opposite each other, as
mentioned in section 5.1.2. Consequently, electron accumulation at the pentacene/Cg
interface led to the suppression of the EFISHG response for the double-layer OSC
sample without a BCP layer, while it resulted in the enhancement of the EFISHG
response for the triple-layer OSC sample with a BCP layer. Accordingly, only one
relaxation was observed with the double-layer sample, as shown in Fig. 5.3, The SHG

signal decreased significantly, indicating that electrons Qs; 4 were accumulated at the

pentacene/Ceo interface with a density of Q= EslydO‘—/j\(Cz+cl)z1.16><10*80/cm2 [6,

8]. On the other hand, for the OSC with a BCP layer, firstly the SHG signal slightly
increased and then decreased significantly. This result confirmed that two interfacial
charging processes dominate the carrier behavior and two electric fields, Es; and Es;,
are formed inside the Cgo layer, with opposite directions. The slight increase of the
SHG signal indicated the accumulation of electrons Qs; at the pentacene/Cg interface,

d, C,C,+CC;+C,C,

. : ~1.86x10°C/cm?. Noteworthy that Qsiq = 7Qs1,
3

whereQ, =E_

and this relation indicates that the charge accumulation on the pentacene/Cg interface
has been significantly suppressed by the BCP layer inserted into the OCSs. With the
BCP layer served as an exciton blocking layer [1, 2], the generation of the
photocarrier would be highly enhanced and this results in the increase of the

conductivity of the two organic active layer. Moreover, BCP layer is on top of Cg
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layer, which means that it can protect the Cgo layer against the degradation caused by
the open-air. Hence, the response time of the SHG changes accordingly with the
conductivities of pentacene and Cgo layers [7, 12], while the accumulation charge
density at the interface is governed by the current flowing across the interface, I. and
the relaxation time difference Az (see Eq.(2.14)), according to the Maxwell-Wagner
effect [7, 9]. As a result, the increase of the conductivity of the organic active layer
suppressed the charging process at the pentacene/Cg interface. On the other hand, the
second relaxation process of the SHG signal for the triple-layer OSC sample (decrease
of the SHG signal) was related to the accumulation of electrons Qs, at the Cgo/BCP

interface, where QSZ:ESZ$CZC3+C1C3Jrczclz2.4><10*8C/cm2 . Meanwhile, the

A C,

time-constants evaluated by using the curve-fitting method [8, 14, 15] were as follows:
%14 = 2x107°s is the relaxation time of pentacene/Cg interface in the double-layer
OSC sample, while 74=5x10° s and 7,=2.3x10™s are the relaxation times of the
pentacene/Cg interface and Cgo/BCP interface in the triple-layer OSC sample. Note
that the introduction of a BCP layer with a thickness of around 10 nm has been
believed to have no relation with charge accumulation at the BCP interface [2, 5].
However, our EFISHG results evidently showed that accumulated charge density is
still significant for the OSC with a 10 nm BCP layer (Qsz ~ 12Qq;), as seen in Fig. 5.3.

But, the time-constant z; is rather large and thus the charge recombination current

(1, = Qo . 0.1 mA/cm?) [5] caused by the Qs; is still very small.

z-52
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Figure 5.3: EFISHG measurement of both double-layer and triple-layer OSCs under

short circuit condition using illumination pulse.

Using an equivalent circuit based on the Maxwell-Wagner model (see Fig. 5.1(a)),

we can calculate the short-circuit current in the presence of charge accumulation at the

two interfaces. For the double-layer sample, =1

dQsl,d H
it on — |e» Where Ipy is photocurrent

by holes in pentacene and Iy is photocurrent by electrons in Ceo. The short-circuit

current (Isc) is sum of the recombination current (|Slyd:d(3_stlvd) and the

photo-generated current. Assuming that the pentacene layer is very conductive, the I

is calculated as I =1,-1g,=1,— Quis for the double-layer sample
Tsl,d
andl =1, -13-1,=1, —&—&for the triple-layer sample, where |, ~ 1  is the
Ts1 Ts2
photogenerated current, |, = deStlvd g =% , and 1, =% represent the

recombination current caused by the charge accumulation on the pentacene/Cgy and
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Cso/BCP interface. Accordingly, @zol5gmA/cm2f0r the double-layer sample,

7'-sl,d

while &+&:o_4ﬁ mA/cm? for the triple-layer sample.  Consequently,
z-sl TSZ

|, = 0.281  for the double-layer sample, while I, ~0.751 for the triple-layer sample.

This result showed that in the double layer sample 72% of the photogenerated current
are depleted by the recombination current of the pentacene/Cgo interface and this
accounts for the low Js. of the double-layer sample, as shown in the Fig. 5.1(b) I-V
curve. On the other hand, with the inserted BCP layer, the suppression of the charging
process on the pentacene/Cg interface enhanced the extraction of the photo generated
current into the circuit and thus only 25% of the photogenerated current are depleted
in the triple-layer sample, which results in a further improvement of Js. It should be
noted that we repeated the EFISHG experiments using several other samples, and
found that all of the samples showed the similar behaviors, although the accumulated
charge densities as well as the recombination currents slightly changed. As
mentioned above, the EFISHG measurements verified that the inserted BCP layer not
only enhances the generation of the photocarriers but also suppresses the depletion of

the photo current, which results in further improvement of OSC performance.

The research in this section demonstrated that charge accumulation would occur on
every interface of multilayer OSCs. The accumulated charges lead to recombination
current, which consume the photo-generated current inside OSCs and significantly
degrades the device performance. The charge accumulation is dominated by the
conductance of the organic layers in OSCs and thus a blocking layer of BCP can be

used to solve this problem. By applying the EFISHG measurements to the
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IZO/pentacene/Cqo/BCP/AI triple-layer OSCs with a BCP blocking layer, we studied
the photo-induced carrier behavior with taking into account the dielectric nature of the
organic layer. Results showed that the inserted BCP layer leads to the increase of the
conductivity of the organic layer, which suppresses the charge accumulation on the
pentacene/Cg interface and contributes to improve the performance of OSCs. The
detailed reason for the increase of conductance is beyond the research in this section.
Two possible explanations can be speculated. One is related to exciton blocking. With
the BCP layer served as an exciton blocking layer, the generation of the photocarrier
would be highly enhanced and this results in the increase of the conductivity of the
two organic active layers. The other is about the degradation with open air. BCP layer
is on top of Cgo layer, which means that it can protect the Cg layer against the
degradation caused by the open-air. With this two effects, the increase of the
conductivity can be achieved and the conductance increase of Cg layer can be more
significant that pentacene layer. Our work showed that the dielectric nature of OSCs
dominate the operation of our OSCs and the Maxwell-Wagner type interfacial

charging can be an obstacle to the further improvement of OSCs.

5.2 Interfacial charging and Voc

Firstly, we analyze the photo-voltage generation process using an equivalent circuit
that stands for the Maxwell-Wagner effect, and discuss the EFISHG transients. Then,
we show that excess charge accumulate at the interface in OSCs and electrostatic

energy is stored, and this results in the decrease of the open-circuit voltage.
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5.2.1 Maxwell-Wagner model analysis of EFISHG transients

Figure 5.4 portrays an equivalent circuit model of the pentacene/Cgy OSCs as a
Maxwell-Wagner effect element. We model the pentacene and the Cgo layers using
parallelly connected conductance (Gi, G;) and capacitance (Ci, C;), while
photocurrents Ip, and lpe flow in pentacene and in Cgo layer, respectively. Under
photoillumination, photocurrents I, and I, are generated, while excess charges are
accumulated at the pentacene/Cg interface owing to imbalance of these photocurrents
(Ioh= lpe). Excess charge is a source of a space charge field and forms the fields
E;=1/d;-Q4/(C1+Cy) in the pentacene layer and E,=1/d,-Q/(C1+C;) in the Cg layer,
respectively. The electric fields change in accordance with amount of accumulated
charge Qs, and finally saturate under the condition in that the sum of photocurrent (I,
I,e) and conduction current (lcn, lce) In the pentacene and the Cg layers are balanced
with each other. As a result, in steady state excess charges are present at the interface,
Qs=0. We can discuss this situation using a Maxwell-Wagner model. Analyzing the
equivalent circuit portrayed in Fig. 5.4 gives accumulated charge Qs(t) caused by the

Maxwell-Wagner effect as we described in section 2.2

0.(1) = O (l exp( ’ ))
TMwW (2.7)

Cr C Ci+Cs
—— ) and Ttyw

G> Gy :G|+Gz

with Q"= 1(
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Figure 5.4: Equivalent circuit as a Maxwell-Wagner effect element that models the
double-layer OSCs under (a) short-circuit condition, and (b) open-circuit condition.

[12]

where | represents a short-circuit current 1=-ls.. Equation (2.7) indicates that charges
accumulate at two-layer interface wherever the adjacent two layers have different
dielectric relaxation time t1(=C1/Gi1=¢€1/01) # 12(=Co/Go=¢y/G,2) (€1, €: dielectric

constant, 61 , 62: conductivity). Using the excess charge density Q,(=Q.") remained

in steady state and charging time t (=tmw) Obtained from the EFISHG results, we
calculated conductance G; and G, of the equivalent circuit by using Eq. (2.7). The
results were plotted in Fig. 5.5(a). The conductance of the pentacene (G1) and Cgo (G>)

layers were similar, but the conductance of pentacene was a little bit higher (G1>G5).

-161 -



Figure 5.5(b) plots the conductance of the OSCs G=G;G,/(G;+G,) calculated using

Gi and G, in Fig. 5(a)

(a) (b)
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Figure 5.5: (a) Conductance of the pentacene G; and Cgy G,layers obtained from the
EFISHG response. (b) Differential conductance at short-circuit condition obtained

from the EFISHG and I-V measurements. [12]

as well as the conductance G (=dI/dV) calculated from the I-V characteristics under
short-circuit condition. These plots showed that the conductance evaluated from the
two measurements were in good agreement with each other, though the conductance
obtained from the EFISHG measurements was about half of that from the I-V
measurements. Note that in the EFISHG measurements, we repeatedly illuminated
OSCs with 50 ms illumination followed by 50 ms break. This means that transient
response reflected the average conductance of Gy =(G4+G)/2~G/2, where conductance
were Gq ~ 10° S in dark and G ~ 10° S under illumination. Consequently, we
conclude that the conductance evaluated using the two measurements were identical

and the equivalent circuit model as a Maxwell-Wagner effect element well accounted
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for the photo-voltage generation process probed by the EFISHG measurement as well

as I-V measurement.
5.2.2 Photovoltaic and Maxwell-Wagner charges

In this part, we will discuss the effect of the Maxwell-Wagner charges on OSC’s
photovoltaic effect. The open-circuit voltage is given as an energy difference between
the HOMO and LUMO levels of the donor and acceptor organic layers. However,
actual open-circuit voltage is smaller than this expected value. The contribution of
Coulomb interaction energy has been considered to account for the difference, and the

estimated open-circuit voltage was corrected as [16, 17]

e2
Voo =By —Ba o 6BD)
0“r"DA

where rpa Is the distance between an electron-hole pair of the exciton. Using Eq.
(5.1), the open—circuit voltage of the pentacene/Cgy OSC was estimated as V. = 0:14

V with Eq —E; = 0.5 eV, & = 4, and rpa = 1. Here in this estimation we assumed the
electron-hole distance was rpa = 1 nm, with taking account that hole located at the
center of pentacene molecule (2 nm along molecular long axis) while electron located
on the surface of sphere-like Cgo molecule. However, there is still some deviation
from the experimental open-circuit voltage. In addition, the I-V measurements
showed that the open-circuit voltage changes with the illumination intensity. That is, it
is too early to conclude that Eq. (5.1) represents the photovoltaic voltage of the actual
devices. We here consider the effect of interface carrier charging caused by the

Maxwell-Wagner effect. As in Eq. (5.1), Coulomb interaction energy contribution is
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an important factor of photovoltaic effect in OSCs while the electrostatic energy is
localized near excitons. On the other hand, excess charges caused by the
Maxwell-Wagner effect store electrostatic energy in the two organic layers
macroscopically. The Coulomb interaction energy given by Eq. (5.1) and the
Maxwell-Wagner type electrostatic energy are different, but we may consider that the
Maxwell-Wagner type electrostatic energy also gives a direct effect on the
open-voltage of OSCs. The accumulation of excess charge Qs at the interface stores

electrostatic energy in the bulk of pentacene and Cgo layers. This electrostatic energy

Intensity [1"11W;-"<;1"112]
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Figure 5.6 (a) EFISHG transient measured with different illumination intensity from
0.05 to 1 mW/cm?. The square-root of the SHG intensity directly being proportional
to the local electric field in Cgo layer was plotted. The error bar in the figure represents
a standard deviation. (b) The excess charge density Qs remained in steady state, and (c)

response time t of the excess charge generation. [12]

The EFISHG results of Fig. 5.6 showed that excess charge Qs was freshly
accumulated at the pentacene/Cg, interface under illumination, evidently suggesting
the storage of electrostatic energy given by Eq. (5.2) in Cg and pentacene layers.
Accordingly, to transfer a hole and an electron from the interface to the 1ZO and Al
electrodes, the energy oF; is necessary. From Eq. (5.2), JF; is derived as

Q,

s =€—/———,assuming XN, =e (5.3)
(C,+C,)

This means that the photoillumination activates carriers (holes and electrons) that can
separate from the interface to flow across the OSCs double-layer, with an energy of
dFs. On the other hand, when we open-circuit the OSCs, Maxwell-Wagner type
charges never accumulate (Qs = 0) at the interface as illustrated in Fig. 4b, because of
| = 0. As the result, photo-generated carriers are separated from the interface to the
collecting electrodes (1ZO and Al) without costing energy dFs = 0. In other words, to
remove the interface charge Qs, we need the energy given by Eq. (5.4), and this
energy directly gives effect on the OSC open voltage. Hence Eq. (5.1) should be
modified as

2
e
+e Q

A7 €, Tpn C, +C,

evoc = Ed -E, - (54)
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where the last term represents the Maxwell-Wagner charge contribution. Using the
excess charge density plotted in Fig. 3b. Equation (5.4) gives the open-circuit voltage
as Vo = 0.16 V at the illumination intensity of 0.05 mW/cm? and V. = 0.18 V at 1
mW/cm? These results account for the illumination intensity dependence of the
open-circuit voltage obtained from the 1-V measurement, Vo, = 0.18 V at 0.05
mW/cm? and Vo = 0.26 V at 1 mW/cm?® Noteworthy that it has been reported that
recombination processes as well as energy distribution at the donor-acceptor interface
give directly effect on the open-circuit voltage. [18-20] The difference between the
calculated V. and the experimental V. from the |-V characteristics might be the

result of this effect.

5.3 Contribution to fill-factor

Figure 5.7 shows the EFISHG response generated from the pentacene/Cg/BCP
OSC samples connected to various external resistances R.. Here the OSCs were
activated continuously by illumination pulses with a frequency of 10 Hz, and the
external resistances R, were 0, 1.8 kQ, 4.7 kQ and 100 kQ, corresponding to the
external voltage Ve 0f 0 V, 0.07 V, 0.15 V and 0.24 V under illumination (see section
2). The EFISHG response traces the variation of the photo-induced electric field
inside the Cgo layer, and the local electric fields E(0) is given as E.+Eq+Eg+ Ep.
Accordingly, three relaxation processes were observed in the EFISHG response, as
shown in Fig.3. The first relaxation process related to the electrode charging, which

induced electric field Ee across the Ceo layer and E, _ Ve SAS The

d, CC,+CC,+C,C,

increase of the R, led to the increase of V. Accordingly the E. was also enhanced, as

- 166 -



shown in Fig. 5.7. With the increase of the R., the conduction current I, decreased
gradually. Thus, the accumulated charges Q,(«)=1._Az, on the two interfaces
decreased. Meanwhile, with the external resistances change from 0 to 100 k<, the
relaxation time of the circuit increased gradually and the conductivity of the organic
layer also decreased due to the suppression of the conduction current, which all led to

the delay of the two interfacial charging processes, as marked in Fig. 3 by arrows.
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Figure 5.7: EFISHG measurement of triple-layer OSCs connected to various

external resistances under illumination pulse.

Based on our previous analysis (see section 5.1), we concluded that the

accumulated charges on the interfaces would induce a recombination current

I :% and the photo-generated current is the sum of recombination current

(1, :d;?tsi) and short-circuit current (lsc). Therefore, the photogenerated current is

depleted by the recombination current of the interfaces and the performance of the
OSCs can be improved by suppressing the interfacial charging process. In this study

with the similar method, we investigated the contribution of the interfacial charging to
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the fill factor (FF) of OSCs. The FF is given as FF:lem , WhereV_I_is the

oc " sc

maximum value of the power output. In our case it was achieved with the Ve=0.15V.
Hence, when the R, was changed to 4.7 kQ), the EFISHG results recorded the internal
electric field at the Ve=0.15V, as shown in the Fig. 5.7. Meanwhile, for the sample
with R of 4.7 kQ, the accumulated charge density on the pentacene/Cgy and Cgo/BCP
interface can be calculated by checking the changing of the EFISHG signal [11, 12]
and Q, =E_d,(C,C,+CC,+C,C,)/ (AC,) ~1.8x10°C/cm?
Q,, =E,d,(C,C, +C,C, +C,C,)/ (AC,) ~1.2x10°C /cm? . The time-constants evaluated by
using the curve-fitting and filtering method (see section 3.2.3) were as follows:
7q=1x10"s for the pentacene/Cgg interface and 7,=9%x10"s for the Cgo/BCP interface.
It is important to note that the time constant obtained from this EFISHG measurement

includes the response time (rzy. ) of the whole circuit, which is z.,. =R.,C

e “total

(C,. = 2.5nF :total capacitance of three layer together ). The z; and z; is the final

total
value of the time constant after removing the zzc. Hence, for the OSCs sample with

Re= 4.7 kQ, the recombination currents induced by two interfacial charging are

Qu, Q»

calculated as 1, +1, ==L+ =2 ~0.02mA/cm?and the conduction current of the
Ta Ts2

circuit at that voltage value was I, ~ 0.99mA/cm? . This result showed that only 2% of

the photogenerated current was depleted due to the recombination current of the two
interfaces. On the other hand, for the short-circuit condition, almost 25% of the
photogenerated current was consumed by the recombination current of the two

interfaces (see section 5.1). Thus, the recombination current induced by two
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interfacial charging processes quickly decayed with the increase of the Ve and this

may lead to the enhancement of the fill factor.
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Figure 5.8: SHG measurement with different external resistance R, from open

circuit to 47 kQ,

Figure 5.8 shows the EFISHG response generated from the double-layer OSC
samples (only pentacene/Cg) connected to various external resistances Re. Here, the
external resistances Re were 47 kQ, 100 kQ, 170 kQ and infinite large, corresponding
to the external voltage Ve of 0.075 V, 0.1 V, 0.15 V and 0.22 V under illumination.
The detailed explanation of this measurement is already introduced in section 4.1.
Here, we can apply similar analysis of fill-factor to this double layer experiments. The

V.1, is achieved with the V=0.1V. Hence, when the R, was changed to 100 kQ, the

EFISHG results at the V,=0.1 V can be seen in the Fig. 3. Meanwhile, for the sample

with Re of 100 kQ, the accumulated charge density on the pentacene/Cgy can be
calculated as Q, =0.24x10°C/cm®. The time-constants evaluated by using the

curve-fitting and filtering method were as follows: 7=0.35x10° s for the

pentacene/Cg interface. Hence, for the OSCs sample with R.= 100 kQ, the
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recombination currents induced by two interfacial charging are calculated as

l,q =8.14pA/cm? and the conduction current of the circuit at that voltage value

was |, =1.3uA/cm?. This result showed that 85% of the photogenerated current was

depleted due to the recombination current of the two interfaces. For the short-circuit
condition, 75% of the photogenerated current was consumed by the recombination
current of the two interfaces. Hence, we know that in the double-layer sample the
recombination current induced by two interfacial charging processes decayed very
slowly with the increase of the Ve and this may lead to the degradation of the fill

factor.

5.4 Interfacial charging blocking layer

As shown in our previous parts (section 5.1-3), excess charges are accumulated at
the interface of organic active layers due to the Maxwell-Wagner effect, and results in
the modification of the potential distribution and the energetic. Meanwhile, it has also
been proved that these interfacial charging processes lead to the deterioration of the
I-V characteristic of the OSCs [5, 21, 22]. These findings further motivated us to
study the effect of inserting additional layer into OSCs by means of EFISHG
measurement, which is capable of probing interfacial carrier behaviors. In section 5.1,
by introducing a BCP layer as an exciton blocking layer at the interface between Cg
and Al of 1ZO/pentacene/Cgo/Al OSCs, we showed that the interfacial charging
process at the pentacnen/Cgp interface results in the depletion of the photo-generated
current. In section 5.2, by using a double-layer OSCs, we analyzed Maxwell-Wagner

type interfacial charging and its contribution to the Voc. The results showed that to
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transfer a hole and an electron from the interface to the 1ZO and Al electrodes, the
additional energy would be consume to overcome the Maxwell-Wagner type
electrostatic energy. Hence, the Voc is decreased by the interfacial charge
accumulation. This situation inspired us to study some blocking methods to reduce the

interfacial charging accumulations.

In this part, we prepared [ZO/pentacene/CuPc/Cg/Al OSCs with a
Cu-phthalocyanine (CuPc) layer with a thickness of 2, 8, and 18 nm, and studied the
contribution of CuPc layer to the interfacial charging under a single red illumination,
by using the EFISHG measurement coupled with a single red illumination. Results
evidently showed the presence of charge accumulation at the pentacene/CuPc and
CuPc/Cg interfaces, but the amount of accumulated charges at these two interfaces

significantly decreased when the CuPc layer was 8 nm in thickness.
5.4.1 1-V experiments

Figure 5.9(a) portrays an OSC with an indium zinc oxide 1ZO/pentacene
/CuPc/Cgo/Al structure. The OSCs were prepared as follows: 1ZO-coated glass
substrates were UV/ozone treated to be nearly free from organic residuals. Then the
pentacene layer with a thickness of 40 nm (d;), and the Cg layer with a thickness of
50 nm (d;) were successively deposited onto the UV/ozone treated 1Z0. Meanwhile, a
CuPc layer with a thickness of 2, 8, or 18 nm was deposited between pentacene and
Ceo layers. Finally, Al electrodes with a thickness of 100 nm were deposited on the

Ceo layer, where the working area of the OSCs was A = 3.1 mm?.
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In the measurement, a red light from a light-emitting diode (wavelength 630 nm,
intensity 10 mW/cm?) was used as a light source to provide illumination pulse
(repetition rate 10 Hz, duration 50 ms, switching on and off time within 50 ns). It has
already been reported that the pentacene/CuPc/Cgp solar cell with an ultrathin CuPc
layer provides a wide spectral band for light absorption and thus the performance of
the OSCs [23, 24] is improved. However, as the main purpose of this study was to
clarify the carrier behaviors after the introduction of the CuPc interlayer, we only
applied the red illumination to the sample. Thus, we can nearly ignore the additional
light absorption at other light wavelengths and study the contribution of different
carrier behaviors to the I-V performance. Note that both the pentacene and CuPc
layers mainly absorb the red light in the wavelength region around 630 nm. Figure
5.9(b) shows the I-V characteristics of the OSCs under red light illumination. For the
OSC sample with 18 nm CuPc layer, Vo, = 0.39 V, J. = -0.46 mA/cm?, and FF = 0.26,
for the sample with 8 nm CuPc layer, Vo= 0.43 V, Jic = -0.8 mA/cm?, and FF = 0.38,
whereas for the sample with 2 nm CuPc layer, Vo= 0.28 V, Js. = -0.87 mA/cm?, and

FF=0.37.
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Figure 5.9: Expreiment set up and I-V results (a) experimental setup for the EFISHG

measurement (b) I-V characteristics of the OSCs sample.

5.4.2 Blocking the interfacial charging

In @ manner as described in our previous paper [14, 19], OSC device with a CuPc
layer is modeled using a parallel conductor-capacitor (G-C) circuit (in dark), as shown
in Fig. 5.9(a). According to the Maxwell-Wagner effect, excess charges Qs are

accumulated at the pentacene/CuPc interface and Qs at the CuPc/Cg interface.
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Assuming the CuPc layer is also working as a dielectric layer, upon application of an
external voltage to the circuit these accumulated charges Qs (i=1,2) are calculated in

Appendix part. Finally, we can get:

Qu(t) = Q, () [L—exp(——

)] (1=, 2), (2.17)

Tmwi

with the MW type relaxation timesz,,,; ( >>7y.) and Q,(x)=I1Az, (i = 1, 2),
where | is the steady-state current flowing across the OSCs [20], and Az, (i=1, 2) is

the relaxation time difference between the adjacent materials, i.e., pentacene and Cgy,
and CuPc and Cgo. Under illumination, the conducting current I, stands for the
generated steady-state current across the device due to the PV effect and thus the
Maxwell-Wagner model is available for analyzing OSCs [20]. Note that we can trace

the interfacial carrier charging process by using the local electric field E (0) estimated
from the EFISHG signal Isyg with the relation 1, oc |E(0)|2 [22]. It is also necessary

to clarify that accumulated charges Qs referred to Maxwell-Wagner type interfacial
charging. Note that the trap density cannot be ruled by the time constant difference
(Az;) of the two adjacent organic active layers. Our previous studies [19-21] have
already proved that accumulated charges density is regulated by Q, () =1A7,,

which indicated that the accumulated charges related to Maxwell-Wagner type

interfacial charging.
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Figure 5.10: EFISHG measurements of the 1Z0/pentacene/CuPc(x nm)/Cgo/ Al OSCs

under short circuit condition (CuPc with the thickness of 2, 8 and 18nm)

Figure 5.10 shows the EFISHG generated from the OSC samples with a CuPc layer,
where the thickness of the CuPc layer is 2 nm, 8 nm and 18 nm, respectively. Here the
OSCs were activated continuously by a red illumination pulse with a frequency of 10
Hz under short-circuit condition. The EFISHG response records the real-time
variation of the photo-induced electric field inside the Cgo layer, where the local
electric field E (0) is given as Ep+Eq+Es, (Ee=0). In Fig. 5.10, for the OSC with a
CuPc layer of thickness 18nm and 8nm, firstly the SHG signal slightly increased and
then decreased significantly, suggesting that the charge accumulation happened on the
two interfaces, and that the induced electric fields (Es; and Esp) across the Cgo layer
were pointing at opposite directions to each other. From the EFISHG experiment
under the voltage pulse excitation [12, 14], we confirmed that the decrease (increase)

of the SHG signal is due to the accumulation of electrons (holes) on the interface. In
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order to get detailed assignation between two interfaces and two interfacial processes,
we also  prepared  double-layer OSCs  with  the  structure  of
IZO/CuPc(40nm)/Cgo(50nm)/Al, and measured the photo-induced interfacial charging
under short-circuit condition, as shown in Fig. 5.11(a). In Fig. 5.11(a), the significant
decrease of the SHG signal was observed and this is due to the accumulation of
electrons at the CuPc/Cg interface. Note that in Fig. 5.11(a) current flowing in the
direction from Al electrode to 1ZO electrode inside the OSCs. Hence, based on the

Maxwell-Wagner model, we conclude 7z, <7.5- Consequently, in Fig. 5.10, the

decrease of the SHG signal is ascribed to the electron accumulation (Qs;) on the
CuPc/Cg interface and the increase of the signal is ascribed to the holes accumulation
(Qs1) on the pentacene/CuPc interface. Therefore, relaxation time constants of three

different layers have the relationship of .. <t < Teq and finally two kinds of

pentacene
charges accumulated on the both sides of the CuPc layer. Meanwhile, the relaxation of
the pentacene layer is faster than Cgo layer and thus the accumulation of the Qg on the
pentacene/CuPc interface is always faster than that of Qs, on the CuPc/Cg (See Fig.
5.10). Based on the above discussion, the potential profiles in the OSC are suggested
as displayed in Fig. 5.11(b). The dotted lines in the figure represents the potential
profile across the OSCs under short-circuit condition in dark. By applying the
illumination, the photo-induced electric field is generated in the OSCs and the
potential profile changes, in a manner as plotted by the solid lines. It is important to
note that the surface of Al positively should be charged at short circuit condition due
to the lower work function of Al comparing with 1ZO. However, during the EFISHG

measurement, we found that that the background electric field E, of this triple-layer
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sample was pointing in the direction from 1ZO electrode to the Al electrode. The
reason of the presence of this background electric field may be related to the
interfacial dipole or the deep traps in the organic active layer. Note that the relaxation
of the deep traps usually takes more than 10 second [22, 23] and frequency of the
illumination pulse in our experiments is 10Hz, which means that the residual of deep
traps can be a source of this background electric field. The detailed physical analysis
of the creation of this background electric field is out of scope of this study, but we
should note that the experimental results were well explained by assuming the

presence of this background electric field Ey.
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Figure 5.11: (a)EFISHG measurements of the 1ZO/CuPc(40nm)/Cgo(50nm)/Al OSCs
under short circuit condition (b)The sketch of potential profiles across triple-layer

structure under short-circuits condition with illumination.

In order to clarify the direction of this background electric field E, in OSCs with

the CuPc layer, we carried the EFISHG measurement by applying DC pulse voltages
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to the OSCs in dark. Figure 5.11(c) shows the EFISHG generated from the
1ZO/pentacene/CuPc(18nm)/Cgo/ Al OSC in response to the AC square-wave voltage
pulse (10 Hz), where the amplitude of the applied voltage Vex was +0.3V or -0.3V.
Three relaxation processes were identified during the EFISHG measurement,
corresponding to the electrode charging (Ee) and two interfacial charging (Esi, Es).
The first relaxation process was observed just after applying AC square-wave voltage
pulse, due to the electrode charging, which resulted in the E. across the Al and ITO

electrodes. The established electric field E. by electrode charging is given as

E, _ Ve GG, . It has been found that forward bias (0.3V) led to the
d, C,C,+C,C,+C,C,

increase of the SHG signal during the electrode charging, while backward bias (-0.3V)
resulted in the decrease of the SHG signal. These results proved that the background

electric field Ey, was pointing in the direction from 1ZO electrode to the Al electrode.

The induced electric field across the Cg layer is calculated as:
E, =Q,A(CC,+CC,+C,C,)/C,/d, and E_,=Q,A(CC,+CC,+C,C,)/C,+C,)/d,, Where
d;= 50 nm is the thickness of the Cgo layer (both Eg; and Eg, are marked with arrows
in Fig. 5.10. Note that the variation of EFISHG signal relates to the change of local
electric field E (0) in OSCs. As we can see in Fig. 5.10, by changing the thickness of
the CuPc layer from 18nm to 8nm, the induced electric field Es, decreased by 80%
and Eg; was also decreased by about 30%, suggesting that accumulated charge density
Qs1 and Qs is significantly reduced. These results proved that interfacial charging
processes is significantly suppressed by inserting a CuPc layer with a thickness
around 8 nm. Accordingly, the 1-V performance of the OSCs was enhanced (see Fig.

5.9(b)). Comparing with the double-layer pentacene/Cgy OSCs [7, 24], the change of
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Voc corresponds to the larger HOMO level of CuPc (5.1 eV) compared with pentacene
(5.0 eV). However, the enhancements of V. and Js. caused by changing the thickness
of CuPc layer from 18 nm to 8 nm should be related to the suppression of the

interfacial charging processes. Based on our previous research [21], the accumulated

charges on the interfaces will induce a recombination current | =%, and the

photo-generated current is given as the sum of recombination current (1, = d;gtsi ) and

short-circuit current (lsc). Consequently, the photogenerated current is depleted by the
recombination current at the interfaces. Meanwhile, other group has also proved that
the accumulated charges on the interface of the exciton-blocking layer led to the
deterioration of the fill-factor of OSCs [25]. Moreover, as reported in our previous
study [26], accumulated charges on the donor-acceptor interface restrained the
photo-generated charges from leaving the interface, and require another external
voltage V' to overcome this suppression. Accordingly, the effective V. is deteriorated
by this V’. Hence, we concluded that the I-V performance will be improved by

suppressing the interfacial charging processes and the I-V results in Fig. 5.9(b)

-180 -



supported our conclusion.
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Figure 5.12: AFM images of the surface of (a) pentacene(50nm), (b) CuPc(2nm)

/pentacene(50nm) (c) CuPc(6nm)/pentacene(50nm) on ITO substrate. [23]

The suppression of the interfacial charging processes is attributed to the leakage
current (lg) across the CuPc layer, which is caused by the recombination of the
accumulated charges on both side of the CuPc layer. The accumulated charges on the
both sides of the CuPc layer have different polarities and there would be a strong
electric field across the CuPc layer, as seen in Fig. 5.11(b). If the CuPc layer is very
thin, the insulating performance of the CuPc layer would be broken and a leakage
current lg is generated by the recombination of the charges from two interfaces. In that
case, the effective conduction current around the two interfaces should
bel, . =1,—1, and accordingly the accumulated charge density Q () =1, A7

c—eff i
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Thus Qs on the two interfaces should be decreased with the increase of lg, in
proportion to the thickness of CuPc layer. It is also important to note that if we further
decrease the thickness of the CuPc layer, the pentacene layer may not be fully covered
by CuPc layer, owing to the roughness of the pentacene layer, as has already been
pointed out by other groups in their experiments using atomic force microscopy
(AFM) observation [23]. The results of AFM observation can be found in Fig. 5.12.
With considering this fact, we measured the EFISHG signal from the OSCs with a 2
nm CuPc layer. As shown in Fig. 5.10, the significant interfacial charging was
identified again, possibly the charging at the pentacene/Cg, interface, where the CuPc
layer (2 nm) is not coated with the pentacene layer [7, 24]. Meanwhile, during
changing process, the changing of the SHG signal was not stable and the turbulence
of the signal was observed symmetrically in both charging and discharging processes,
as marked in Fig. 5.10. These unstable charging processes suggested that the charge
recombination still happened between two interfaces, but was not sufficient for
blocking the whole charging process. The lower V. obtained form the 1-V
measurement (see Fig. 5.9(b)) also suggested that pentacene/Cgo interface dominate
the photovoltaic effect of the OSCs with 2nm CuPc layer [7, 21]. Hence, we proved
that the contribution of the CuPc layer as a charging blocking layer highly depends on
the film thickness and the optimized thickness for blocking the interfacial charging
processes is around 8 nm. It is noteworthy that the best thickness of the CuPc layer we
concluded may be different from the results reported in ref. [23]. This is possibly
caused by the red illumination source we used and the lacking of exciton blocking
layer. Our study focused on the suppression of the interfacial charging and thus the

best thickness of the CuPc layer as a charging blocking layer is around 8 nm. Our

-182 -



results can be of help to modify the carrier behavior in OSCs and other multilayer

organic devices.

5.5 Summary

In order to using our study to improve the performance of the OSCs, we have
designed several further experiments with different OSCs samples in this chapter. The
results clarified the contribution of the Maxwell-Wagner type interfacial charging to
|-V characteristic of OSCs. Firstly, the accumulated charges on the interfaces induce
a recombination current and consequently the photo current is depleted by this
recombination current at the interfaces. Meanwhile, the slow attenuation of this
recombination current also leads to the deterioration of the fill-factor of OSCs.
Moreover, the existence of accumulated charges requires another external voltage V°
to assist photo-generated charges from leaving the interface, which decreases the
effective V.. Hence, the existence of interfacial charging deteriorates the performance
of OSCs. For solving this problem, we suggested two methods to suppress the
interfacial charging inside the OSCs. By employing exciton blocking layer of BCP
and charging blocking layer of CuPc, interfacial charge accumulation can be strongly
decreased and the 1-V performance of the OSCs was improved accordingly. Modeling
the prepared OSCs as a Maxwell-Wagner effect element accounted for our

experimental results.

This chapter is the application research of our theoretical model and evaluation
system. In chapter 3 and chapter 4, we analyzed the carrier behavior inside the OSCs

with taking into account of dielectric nature and Maxwell-Wagner effect. We focused
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on the interfacial charge accumulation processes and how it can change the internal
electric field of OSCs. In this chapter, we prove that this Maxwell-Wagner interfacial
charging can significantly influence the 1-V performance of OSCs. These results not
only proved that dielectric nature of organic active dominates the performance of
OSCs, but also provided a possible way to further improve the performance of OSCs.
The analysis methods and the obtained conclusions can be helpful to the researchers
who are doing the performance improvements and new structure development for
organic materials. In addition, our EFISHG technique has also been proved to be very

useful for the study of organic devices.
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Chapter 6 General conclusions and prospects

6.1 General Conclusions

The work described in this thesis which aimed to clarify the carrier behavior of
OSCs and thus to improve the performance of OSCs based on theoretical analysis and
characterization. In the following, we first summarize each chapter and then proceed
to the general conclusions.

In chapter 1, in order to clarify the purpose for the study of carrier behavior of
OSCs, | summarized the backgrounds of organic electronics and discussed the current
progress in the field of OSCs. I also explained the challenge of the study of OSCs and
the importance of carrier behavior to OSCs. Meanwhile, the detailed characteristic of
OSCs was also introduced with the consideration of the influence from the carrier

behavior.

In chapter 2, firstly, we discussed the dielectric nature of the OSCs and proposed
several proof to illustrate the difference between OSCs and common inorganic solar
cell. Hence, in order to investigate the dielectric nature of OSCs, we need to apply the
Maxwell-Wagner effect element to study the carrier behavior of OSCs. Hence, the
interfacial carrier relaxations of OSCs with both double-layer and triple-layer have

been analyzed by using this model. On the other hand, we have also summarized the
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evaluation technique of OSCs, including simple I-V measurement, IS method and
EFISHG measurement. The importance of each measuring methods to study the OSCs
were well explained. Finally, optical EFISHG measurement, which enables us directly
probe electric field generated in the semiconductor layer, was chosen as the core

technique to study the carrier behavior and photovoltaic effect in the OSCs.

In chapter 3, the visualization of interfacial carrier behavior inside OSCs was
realized by using IS and EFISHG measurement. Knowing that apply a new technique
like EFISHG measurement to the study of OSCs require the conformation from some
well-known technique. Hence, the observation of the Maxwell-Wagner type
interfacial charging from IS measurement can verify the results from EFISHG
measurement. At the meantime, the EFISHG measurement can offer the direct
observation of the internal electric field, including relaxation time constant as well as
electric field intensity. Results confirmed the dielectric performance of OSCs and also
proved that charge accumulation would happen on the double-layer interface.
EFISHG measurement coupled with IS measurement provides a clear physics picture

of interfacial phenomena related to the photovoltaic effect in OSCs.

In chapter 4, EFISHG measurement was applied to the OSCs sample under various
external conditions, including external resistances and external voltage biases. We
investigated electrode charging and interfacial charging happened over the entire
region of Ve inside pentacene/Cg double-layer OSCs in terms of photovoltaic effect.
We confirmed the OSCs build up its internal electric field due to the PV effect as well
as the interfacial charging processes. That is, the carrier behaviors in the OSCs were

governed by the dielectric nature of the organic double layer. Meanwhile, a clear
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physical picture of OSCs based on dielectric physics was established, which enable us

to study the interfacial carrier behavior and its contribution to the OSCs performance.

In chapter 5, we have done several further experiments with different OSCs
samples to study the contribution of interfacial charging to the I-V performance of
OSCs. Firstly, the experiments with OSCs using BCP as exciton blocking layer
showed that the accumulated charges on the interfaces induce a recombination current
and consequently the photo current is depleted by this recombination current at the
interfaces. Secondly, the slow attenuation of this recombination current also leads to
the deterioration of the fill-factor of OSCs. Third, by using simple double-layer OSCs
sample, we found that due to the accumulated charges, photo-generated charges
require another external voltage V' to leave the interface, which decreases the
effective V.. Hence, the existence of interfacial charging deteriorates the performance
of OSCs. We also suggested two methods to suppress the interfacial charging inside
the OSCs. By employing exciton blocking layer of BCP and charging blocking layer
of CuPc, interfacial charge accumulation can be strongly decreased and the I-V
performance of the OSCs was improved accordingly. Modeling the prepared OSCs as

a Maxwell-Wagner effect element accounted for our experimental results.

Finally, there are several conclusions can be considered as the new points of this

thesis:

» We proved that dielectric nature dominated the performance of the OSCs and
Maxwell-Wagner model can be an effective method to study the carrier

behavior in OSCs.
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» EFISHG measurement is very powerful technique for the study of the OSCs
and the characterization method we designed in this thesis can be helpful to

the study of further improvement of OSCs.

» A clear physical picture about the carrier behavior as well as interfacial

charging of OSCs have been established on bias of dielectric physics
» Maxwell-Wagner type Interfacial charging can degrade the I-V performance

» Exciton blocking layer and charging blocking layer can suppress the

interfacial charging and thus to improve the performance of OSCs

6.2 Prospects

Recently OSCs has received significant attention all over the world, because it
can be a potential low-cost alternative to conventional inorganic ones. However, the.
Due to very low charge carrier mobility in organic materials, the dielectric
performances of organic materials were very significant and thus analysis of OSCs
also need to take account of the dielectric nature of organic active layer. Therefore,
the EFISHG technique coupled with dielectric physical model provides a clear
understanding of interfacial carrier phenomena related to the photovoltaic effect in
OSCs. In our previous study, by modeling multilayer OSCs sample as
Maxwell-Wagner elements, we clarified the contribution of the interfacial charge
accumulation to 1-V characteristic of OSCs. It has been found that the existence of
interfacial charging deteriorates the performance of OSCs. For solving this problem,
we suggested two methods (exciton blocking layer of BCP and charging blocking

layer of CuPc) to suppress the interfacial charging inside the OSCs and thus to

-191 -



improve I-V performance of the OSCs. These results not only proved that dielectric
nature of organic active dominates the performance of OSCs, but also provided a

possible way to further improve the performance of OSCs.

However, our previous researches are only based on the multilayer OSCs with
distinctive interfaces and rather simple structures. Owing to the limitation of the
previous SHG system, we cannot distinguish the carrier processes happened inside
more complicated organic films, such as blended heterojunction case or OSCs with
some surface treatments. The investigation on the carrier processes happened inside
the blended bulk-heterojunction layer is very important not only for the further
improvement of OSCs, but also for the basic research in surface and interface science.
At the meantime, the application of nanostructured plasmonic materials for
photovoltaic devices can also be a good research topic for us. The metal
subwavelength-sized structures exhibit surface plasmon resonance at specific incident
light wavelength and this effect can be applied to enhance OSCs due to additional
exciton dissociation or free-charge generation. These applications are limited by the
creation of fine and inexpensive plasmonic structure on the solar cell. In my previous
research, | have participated in some work concerning with the deposition of metal
nanoparticle using Langmuir-Blodgett technique. Hence, | can apply this technique to
the deposition of plasmonic nanoparticles onto the photovoltaic devices and

investigate the electrical and optical properties by using our SHG technique.

The proposed future research plan is to study the interfacial properties and carrier
behavior in OSCs with complicated structure and other optimized treatment. The main

content of my proposed research are consisting of three parts:
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1. Design new experimental methods for direct observing carrier relaxation inside
bulk-heterojunction OSCs based on SHG technique. Study the carrier behavior
inside bulk-heterojunction OSCs, including current path across the blended film,
carrier relaxation and accumulation inside the blended layer, trapping mechanism
and so on. Investigate the quenching behavior happened on the interface between
blended film and metal electrodes by using SHG technique and also study the
contribution of blocking layer taking into account of dielectric performance of the
organic layer. Study the probable influence of evaporation speed and composition
ratio of blended film on the carrier relaxation and transport.

2. Participate in a developing project for an improved laser system based on the
same working principle of SHG technique. This laser system is possible to have a
detecting resolution of twenty or thirty nanometers, which allow us to study the
electric field variation along thickness direction and to establish the 3-dimensional
observation of the OSCs. Based on the particularity of this technique, design
several experiments for further confirming the carrier behavior happened in OSCs.
Study the exciton dissociation processes by focusing the laser signal on the
donor-acceptor interface.

3. Deposit metal plasmonic nanoparticles onto the interfaces of OSCs through
different techniques, such as Langmuir-Blodgett technique or direct evaporation
or other surface techniques. Induce additional exciton dissociation or free-charge

generation in OSCs by using plasmonic nanostructures and thus enhance the
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performance of OSCs. Try to summary the differences and merits between
different deposition techniques. Apply SHG technique and Maxwell-Wagner
model to the study of OSCs with plasmonic nanostructures. Investigate electrical
and optical properties of the interface with plasmonic nanoparticles and clarify the
carrier behavior related to performance enhancement caused by plasmonic
nanostructures
These developments and applications will be very helpful to not only understand
physical image of OSCs, but also to clarify some critical issue for other organic
devices. The possible results will be very helpful to understand of the mechanism of
photovoltaic effect happened in OSCs with complicated structures, eventually helpful

for improving the application of the OSCs in real industrial field.
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