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Chapter 1: General Introduction

Chapter 1: General Introduction

1.1. Organic Semiconductors

In 1954, H. Akamatsu and H. Inokuchi successfully measured the conductivity
() of the perylene—bromine complex for the first time.? In the 1980s, Tang et al.
reported an organic light-emitting diode (OLED)? and organic photovoltaic (OPV)
cell.¥ Over the period of approximately 30 years after their study, many device
applications have been studied. Organic semiconductor devices have various
advantages for commercialization including a low cost, flexibility, small weight, and
printability.  Utilizing these advantages, Sony Corporation demonstrated the first
example of a flexible display using OLEDSs in 2007. Subsequently, many televisions
and mobile phones using OLEDs have been commercialized (Fig. 1.1). On the other
hand, OPVs are not yet widespread even though a power conversion efficiency over
14% has been reported in recent years.*® Recently, organic single-crystals with band

d 6-10)

transport have been discovere They are promising to provide novel types of

organic devices in our daily life.  Impurity doping is a standard technique to control the

carrier concentration (N).***?

Therefore, in this thesis, a fundamental study on OPVs
is performed using organic single-crystals and impurity doping techniques and a new

type of organic solar cells is developed.
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Fig. 1.1 Photograph of a flexible display using OLEDSs for mobile phones.

1.2. Donor/Acceptor Sensitization

Organic solar cells (OSCs) have been substantially developed in the last decade.
Donor (D)/acceptor (A) sensitization has been crucial in the development. Excitons
generated by the absorption of light dissociate into free electrons and holes, which then
move to the electrodes by carrier transport; this process is fundamental in the generation
of photocurrent. An efficient dissociation of excitons is required for generation of a
large photocurrent. However, it is difficult to dissociate excitons in a single organic
semiconductor due to the strong attractive forces. The force acting on the positive and

negative charges of the exciton (F) is represented by the Coulomb’s law:

1 4142 (11)

" 4megy 12
where ¢, &, r, and q are the relative dielectric constant, dielectric constant in vacuum,

distance between the charges, and magnitude of each charge, respectively. Inorganic
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semiconductors have relatively large & (> 10), where weakly bound Wannier excitons
are formed, which can easily separate into free carriers (Fig. 1.2 (left)). On the other
hand, organic semiconductors have relatively small £(~ 4), where strongly bound
Frenkel excitons are formed, which cannot separate into free carriers (Fig. 1.2 (right)).
In order to overcome this problem, a device structure in which two organic
semiconductor materials are in contact is required for OSCs. Electrons excited by
light irradiation of a single-molecule film relax before dissociation (Fig. 1.3(a)). On
the other hand, a combination of a donor molecule (D) and acceptor molecule (A) can
separate the positive and negative charges to the highest occupied molecular orbital
(HOMO) of D and lowest unoccupied molecular orbital (LUMO) of A, respectively (Fig.
1.3(b)). The separated charges form a charge-transfer (CT) exciton, which can easily

dissociate.  Therefore, this D/A system is essential in order to obtain a large

photocurrent.
(&) Inorganic semiconductor (b) Organicsemiconductor
Si (e=11.9) Ceo (e=4.4)
Exciton Diameter: 9.0 nm Exciton Diameter: 0.50 nm
<>
1nm

Fig. 1.2 Schematics of a (a) Wannier exciton generated in Si and (b) Frenkel exciton

generated in Cgo.
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Fig. 1.3 Schematic energy diagrams and models of photo-generated excitons in a (a)

single organic semiconductor and (b) D/A system.
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1.3. Carrier Transport
1.3.1 Band-like Transport in Organic Single-Crystals

Hopping and band conduction models are important to describe the carrier
transport mechanisms in organic semiconductors.  The carrier transport in an
amorphous film prepared by vapor deposition is explained by hopping conduction based
on the Marcus theory.*?

Organic single-crystals have been studied since the 1950’s. As organic
single-crystals are less influenced by traps due to structural defects than amorphous
films, they exhibit remarkably high mobilities. = However, in many organic
semiconductors, the hopping conduction is still dominant in the carrier transport at room
temperature even in materials with crystalline structures.’>” These reports suggest
that the band conduction is eliminated by phonon scattering due to the considerably
narrower bandwidth than that of the inorganic Si.  Recently, some organic
semiconductors with potential band conduction were reported.®®*  Fig. 1.4
summarizes the organic semiconductors exhibiting band-like transport.  These
materials exhibit very high mobilities exceeding 10 cm?v's™. Generally, the band
conduction is utilized in analyses of the temperature dependence of the carrier mobility
(«) and Hall effect measurement. The carrier mobility («) for band transport can be

expressed by:

p= = (1.2)
1 1 1
T_c = ; +T_1 (13)
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where 7. is the mean free time, e is the elementary charge, m” is the effective mass, and
7. and 7, are the mean free times for lattice scattering and impurity scattering,
respectively. With the increase in temperature, the lattice scattering increases and u
decreases. 7. is proportional to the temperature to the power of minus three halves (7.
oc T3/2) On the other hand, with the decrease in temperature, the impurity scattering
increases and u decreases. 1, is proportional to the temperature to the power of three

halves (z; o< T*?).
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Fig. 1.4 Organic semiconductors exhibiting band-like transport and reported values of

carrier mobility at room temperature.
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1.3.2 Carrier Range
The carrier transport can be represented by the multiple trap and release (MTR)

model 2429

In recent years, it has been reported that this transport model can be
applied not only for amorphous films but also for rubrene single-crystals.?”?®® A
schematic of this model is shown in Fig. 1.5. Shallow and deep traps exist in organic
semiconductor films. When holes are captured by the deep traps, they cannot escape
using the thermal energy available at room temperature. Therefore, the average time
for hole capture by the deep traps corresponds to the deep trapping lifetime (z,). On
the other hand, when the holes are captured by the shallow traps, they can escape using
the thermal energy available at room temperature. Considering the time required for
the capture and thermal release processes, the shallow traps dominate in the hole drift

mobility («,). The range of the holes (L), which is the average distance traveled by

the carriers until capture by the deep traps, can be expressed by:

Ly = untnE (1.4)

where up, v, and E are the hole drift mobility, deep trapping lifetime of the holes, and

electric field, respectively.
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1.4. Impurity Doping in an Organic Semiconductor
1.4.1 Dopants

Fig. 1.6 summarizes the various donor and acceptor dopants for organic
semiconductors. In early studies, the p-type doping for organic semiconductors using
halogen gases such as bromine and iodine?®3” was reported. However, these small gas
molecules easily diffuse in organic semiconductors, hindering the precise control of the
doping by halogen gases. Therefore, inorganic molecules such as molybdenum oxide
(M005),** vanadium oxide (V»0s),® and iron (111) chloride (Fe,Clg),*® which have
been used as hole-injection layers for OLEDs, are typically used as acceptor dopants.
These dopants can easily withdraw an electron from the organic semiconductor due to
its large work function (< 5.5 eV).

On the other hand, Maitrot et al. reported a significant increase in conductivity
by a p-type doping with organic molecules of 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) and tetracyanoquinodimethane (TCNQ).*"

Recently, K. Leo’s
group have carried out systematic studies on p-type doping using
tetrafluoro-tetracyano-quinodimethane  (F4-TCNQ) for OSCs and OLEDs.*%
Moreover, electron-donating organic molecules such as HAT-CNg and CNg-CP have
also been reported as acceptor dopants.***%)

However, n-type doping is more challenging owing to the instability of donor
dopants with respect to oxygen. Exposure to oxygen must be prevented in order to
perform the n-type doping as oxygen acts as an acceptor. Conventionally, alkali metals
such as sodium, potassium, lithium, cesium, and strontium have been used. However,

the undesirable diffusion into the organic films complicates the precise fabrication of

devices. Moreover, metal atoms act as recombination centers, which can significantly
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affect the device characteristics. Recently, electron-donating organic molecules such
as pyronin B***Y and AOB*® and DMBI derivatives*®*% have been reported as donor
dopants. Moreover, transition-metal complexes including Ru,>® Co,*%? Cr*® and
W) have also been reported. The air-stable cesium carbonate (Cs,COs3),***® which
is often used as an electron-extracting layer,*® is one of the most promising acceptor
dopants.  Furthermore, doping with electron-donating organic molecules such as
phosphine derivatives (Phlm) has also been reported.®”

In this thesis, MoOjs, Fe,Cls, and Cs,CO3; were used owing to their high

electron acceptor and donor qualities and simple handling.

10
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Fig. 1.6 (a) Acceptor and (b) donor dopants for organic semiconductors.

11



Chapter 1: General Introduction

1.4.2 Mechanism of Impurity Doping
Fig. 1.7 shows schematic energy diagrams of an acceptor- and donor-doped
organic semiconductor. In the case of acceptor doping, the LUMO level of the dopant
(red solid line) needs to be located below the HOMO level of the organic
semiconductor. The acceptor can withdraw an electron from the HOMO level of the
organic semiconductor (black solid curve). On the other hand, in the case of donor
doping, the HOMO level of the dopant (blue solid line) needs to be located above the
LUMO level of the organic semiconductor. The donor can donate an electron to the
LUMO level of the organic semiconductor (black solid curve). Therefore, CT occurs
between the dopant and organic semiconductor due to the impurity doping.
Kubo et al. have confirmed that CT complexes form between fullerene (Cgp)

and various dopants.®*®?

Two types of CT complexes, i.e., Cg --- M0O3™ and Cgp™---
Cs,CO3", formed in Cgo films with acceptor (MoOs) and donor (Cs,CO3) dopants (Figs.
1.8 (a) and (b)), respectively. The doped Cgo films exhibited color changes and CT
absorption. In addition, in the case of MoO3 doping, the Fermi energy (Eg) shifted to
the HOMO level. This suggests that the MoOs-doped Cgo film was p-type. On the
other hand, in the case of Cs,COj3; doping, Er shifted to the LUMO level, suggesting that
the Cs,COs-doped Cgo film was n-type. Recently, Hiramoto et al. have reported
similar shifts in Eg for various organic semiconductor films with impurity doping at a

11,12)

concentration of 3000 parts per million (ppm). Therefore, the mechanism of the

impurity doping can be explained by the CT model.

12
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Fig. 1.7 Schematic energy band diagram of the acceptor and donor doping in an organic
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Fig. 1.8 Schematics of the (a) M0oOs- and (b) Cs,CO3-doped Cg films.
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1.5. Hall Effect Measurements for Doped Organic Single-Crystals

The carrier concentration (N) and carrier mobility («) of band-conducting
organic semiconductors can be measured by the Hall effect. The Hall effect was
discovered by Edwin Herbert Hall in 1879. Fig. 1.9 shows schematic diagrams of Hall
effect measurements in a p-type organic semiconductor. When a magnetic field (B)
(black mark) is applied perpendicular to the current (I) (blue solid line), a potential
difference is generated between the two electrodes by the Lorentz force (green solid
arrows), referred to as Hall voltage (Vi). Vwand carrier concentration per unit volume

(N, cm™) can be determined by:

__ RylB

Vy = (1.5)

N=-- (1.6)

where d is the thickness and Ry is the Hall coefficient.
Positive and negative Ry correspond to positive (p)- and negative (n)-type
materials, respectively. In addition, not only N but also the Hall mobility (u«y) can be

determined using the Hall effect:

Uy = ORy (1.7)

where the carrier conductivity (o) can be measured using the van der Pauw method.
Trapped carriers do not contribute to x4 as they cannot move under the influence of the

Lorentz force. Therefore, uy is regarded as the intrinsic mobility without trap effect.

14
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ntroduction

The Hall voltage of an undoped rubrene single-crystal with band-like transport

properties has been measured with the assistance of trap-healing®® and gate bias using a

field-effect transistor (FET). In addition, our group have recently reported the Hall

effect for doped organic single-crystals without the FET mechanism.

In this method,

as carriers are not induced from the outside, the number of carriers generated by the

impurity doping can be directly observed.

Lorentz
force

(2)

Current

3)

(4) (1)

Magnetic field

Lorentz

Current force

(3) (2)

(1)

@ Magnetic fir(%

— rubrene
single
crystal

N Electrode

Fig. 1.9 Schematic diagrams of the Hall effect measurement.
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1.6. Motivation for This Doctoral Thesis
In this doctoral thesis, the effects of lateral charge carrier transport on the
performances of high-mobility organic crystalline photovoltaic cells are investigated.

The main objectives of this thesis are as follows.

(i) Lateral-type OPV cells utilizing the long carrier range in high-mobility organic

single-crystalline films

Blended junctions consisting of donor and acceptor molecules are
indispensable for the development of OSCs. However, the thickness of a blended
junction is limited owing to carrier accumulation from imperfections in the electron-
and hole-transport routes formed by percolation. In this thesis, an ideal structure, i.e.,
a lateral alternating multilayered structure consisting of donor and acceptor molecules
that satisfy both exciton collection and carrier collection requirements is proposed.
Recently, organic single-crystals with high carrier mobilities (1) (reaching 43 cm?V's™)
have been reported. The high mobility observed in the direction parallel to the
substrate due to strong z—z interactions is larger than the mobility required for the
proposed photovoltaic cells. Therefore, in this study, lateral-type OPV cells utilizing

the long carrier range in high-mobility organic single-crystalline films were fabricated.

(i1)_Doped organic single-crystal photovoltaic cells

Recently, a high hole mobility (40 cm?®v*s™) and large exciton diffusion length
(2-8 pum) were reported for a rubrene single-crystal.  Although these findings strongly
suggest the suitability of organic single-crystals for photovoltaic cells, there is an

obstacle related to carrier collection, which originates from the high resistivity of these

16
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crystals owing to the absence of free carriers. On the other hand, a bulk-doping
technique can be used for homoepitaxially grown rubrene single-crystal layers. This
technique provides a doped high-conductivity route in organic single-crystals for carrier
collection. Therefore, in this study, doped rubrene single-crystal photovoltaic cells

were fabricated.

17
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1.7. Thesis Overview

This thesis consists of six chapters.

In Chapter 1, the background on carrier transport and impurity doping in
organic semiconductors is presented. The motivations for the analyses reported in this
thesis are also presented.

In Chapter 2, the experimental equipment and methods are described.
Plate-like organic single-crystals were grown by physical vapor transport. The
photovoltaic devices were fabricated using custom-made metal masks or movable mask
system. Doped organic semiconductors were fabricated using a multicomponent
coevaporation technique. The deposition rates of the dopants were monitored using a
quartz crystal microbalance equipped with a computer monitoring system. These rates
were controlled using rotating shutters with aperture ratios of 1/10 and 1/100, which
enabled control of the doping concentration to a level as low as 10 ppm.

In Chapter 3, we focus on the lateral transport and collection of electrons,
employing a naphthalenetetracarboxylic dianhydride (NTCDA) single-crystal as the
lateral electron transport crystal. The electron range (Le) was determined by varying
the interelectrode distance (L). When L was increased from 30 to 50 pm, the
photocurrent significantly decreased; therefore, the electron range (L) was
approximately 30 um. The operation of single-crystal OPV cells using lateral electron
transport with a macroscopic value of 30 um was demonstrated. Based on the multiple
trapping model, as L. could be expressed by L. = HezeE (Ue: electron mobility, E: electric
field), the calculated electron lifetime ze was 0.52 ms using Le = 30 pm and pe= 2.9 x
102cm?vis™.  The large z close to the order of milliseconds indicates the possibility

of electron ranges on the order of millimeters.

18
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In Chapter 4, the hole range of 0.4 mm was demonstrated using a
high-hole-mobility (pn) organic semiconductor, dioctyl-benzothieno-benzothiophene
(C8-BTBT) (un = 43 cm?Vs™). In addition, the electron range of 0.2 mm was
demonstrated using a high-electron-mobility ~ organic semiconductor,
dioctyl-perylenetetracarboxylic diimide (PTCDI-C8) (pe = 1.7 cm®V'is™).  Finally,
lateral alternating multilayered junctions combining C8-BTBT and PTCDI-C8 were
demonstrated. 93% of the photogenerated electrons and holes were laterally collected
over a long distance (0.14 mm). The exciton diffusion length of 12 nm was obtained
by changing the layer thickness from 50 to 10 nm. The exciton-collection efficiency
reached 75% at the layer thickness of 10 nm. A lateral organic alternating
multilayered junction, which completely collects both excitons and carriers, can be an
alternative blended junction for OSCs.

In Chapter 5, doped rubrene single-crystal photovoltaic cells were fabricated.
These photovoltaic cells can be regarded as function-separated devices. The p-doped
single-crystalline layer acts as a p-type hole-transporting layer, the pn-homojunction
acts as the exciton dissociator, and the single-crystal substrate acts as the exciton
collector. The area dependence of the pn-homojunction showed that the whole
photocurrent generated in the pn-homojunction with a macroscopic area of 2 mm x 1
mm was collected through the p-doped single-crystalline layer. Therefore, the p-doped
single-crystalline layer can be regarded as a pseudo-electrode. In addition, the analysis
of the internal quantum efficiency depending on the light irradiation direction showed
that the single-crystal substrate collected excitons to the pn-homojunction with a

collection efficiency reaching 46%, owing to the large exciton diffusion length of 2.7

um.

19
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In Chapter 6, the conclusions of this thesis and prospects for the future are

presented.

20
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2.1. Purification of Organic Semiconductors

NTCDA (naphthalene-1,4,5,8-tetracarboxylic dianhydride) (Tokyo Chemical
Industry), rubrene (5,6,11,12-Tetraphenylnaphthacene) (Tokyo Chemical Industry), Ceo
(Frontier Carbon Co., Ltd., nanom purple TL), and H,Pc (metal-free phthalocyanine)
(Dainippon Ink & Chemicals, Inc., Fastogen Blue EP-101), were purified to 7N
(99.99999%) purity by temperature gradient sublimation in a quartz furnace comprising
three sections at different temperatures (Fig.2.1).Y Crude samples of the organic
semiconductors were placed in the high temperature section, and highly purified
millimeter-scale single crystals were grown by sublimation in the middle temperature
section under N, flow after pre-heating. (Fig. 2.2). Impurities from the crude sample
were expelled to the low temperature section. In order to obtain highly purified single
crystals, the proper conditions with respect to each material are required. The detailed
sublimation conditions are shown in Table 2.1. The high purity commercial products
such as DBP (Tetraphenyl dibenzoperiflanthene, Luminescence Technology, sublimed
grade), C8-BTBT (2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene)  (Nippon
Kayaku), PTCDI-C8  (N,N'-dioctyl-3,4,9,10-perylenetetracarboxylic ~ diimide)
(Luminescence Technology, sublimed grade), BCP (bathocuproine, DOJINDO,
sublimed grade), cesium carbonate (Cs,COj3; Aldrich, 99.995%), molybdenum trioxide
(MoQOg; Alfa Aeser, 99.9995%), and iron (111) chloride (Fe,Cls; Aldrich, 99.99%) were

used without further purification.
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Fig. 2.1 Quartz furnace comprising three sections at different temperatures

NTCDA Rubrene

Fig. 2.2 Purified single crystals of organic semiconductors and chemical structures.
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Table 2.1 Sublimation conditions for organic semiconductors.

Temperature / °C N, flow .
Heating
Pressure Time /h
Low Middle High / atm ime
. Under
Pre-heating 150 150 150 1
vacuum
NTCDA 100 200 380 1 2
rubrene 170 230 325 0.1 0.5
Cso 310 580 745 1 36
H,Pc 270 300 500 0.1 5

2.2. Fabrication of Organic Single Crystals for devices
NTCDA and rubrene single crystals (Fig 2.3) were grown by physical vapor

transport under the conditions that thin and plate-like crystals were formed (Fig.2.1).
After cooling to room temperature, the target crystal was picked up using a toothpick or
tweezers or hair brush with taking advantage of a static electricity. The typical

thickness of these crystals was around several microns.

(@) (b)

)

sl

5 mm 2 mm

Fig. 2.3 Plate-like single crystals of (a) NTCDA and (b) rubrene.
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2.3. Experimental Environment

The semiconductors were evaporated in an oil-free vacuum evaporation
chamber (EpiTech Inc., ET300-6EHK) built into a glove box (UNICO, UL-1400ATW)
(H,0 < 0.7 ppm, O, < 0.2 ppm) (Fig.2.4). The samples were not exposed to air at any
time during either film fabrication or measurement in order to avoid effects due to

moisture and oxygen.

Fig.2.4 Vacuum chamber contained within a glove box.
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2.4. Impurity Doping at Low Concentration for Organic Semiconductors

Impurity doping for the organic semiconductors was performed using a
multi-component co-evaporation technique as shown in Fig. 2.5. The evaporation
sources were prepared in Al,O3 pots (Nilaco, C-1). All materials were independently
evaporated using tungsten basket resistance heaters (Nilaco, BH-1) under vacuum (<
10 Pa). The evaporation rates were controlled using quartz crystal microbalances
(QCMs) (INFICON, 750-1050-G10) connected to a computer monitoring system
(ULVAC, CRTM-9000G/Depoview). The monitored thickness was calibrated using a
tooling factor that can be calculated by measuring the actual film thickness using a
surface profiler (Meeco, Dektak150).

Fig. 2.6 shows an example of the dependence of the film thickness of the
dopant on the evaporation time. The evaporation rate can be determined from the slope
of the baseline (1.0 x 10> nm s™). The observed cyclic fluctuations were caused by
temperature variations in the coolant water for the QCMs. When the host organic
semiconductor evaporates at 0.1 nm s, the ratio of the evaporation rate of dopant to
that of host organic semiconductor gives a doping concentration of 100 ppm.
Moreover, extremely low doping concentrations of below 10 ppm were realized by
reducing the dopant evaporation rate using rotating disks containing slits with aperture
ratios of 1:10 or 1:100. In addition, in order to grow homoepitaxial films on the
rubrene single crystal substrate, rubrene was evaporated at a low evaporation rate of 3.3
x 10 nm s at room temperature. The minimum evaporation rate of 3.3 x 10® nm s*

for 10 ppm doping could be realized by using the rotating disk.
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Fig. 2.5 Schematic illustration of coevaporation for doping of organic semiconductors.
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Fig. 2.6 Monitored evaporation thickness vs. evaporation time.
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2.5. Fabrication of devices
2.5.1 Lateral type Organic Single Crystal Photovoltaic cells (chapter 3
and 5)

NTCDA and rubrene single crystals (Fig 2.3) were grown by physical vapor
transport under the conditions that thin and plate-like crystals were formed. Metal
masks were used for separating the hole and electron collecting electrodes. In chapter
3, metal masks with pairs of square apertures separated by distances of 20, 30, 50, and
100 um were used (Fig. 2.7 (a)). In chapter 5, Metal masks with pair of rectangles,
which area is 2 mm x L mm, were used (Fig. 2.7 (b)). The lateral gap between the two

electrodes was kept at 0.05 mm. The value of L was varied from 0.2 to 1.0 mm.

(a) Gap
I ap— 20pm -100 pm
Em Em mE § I%I :
. R ____T_1
Bl Bl Bl |
i, Area
S 2 mmx2mm
(constant)
AL RV R R Area
(b) 1 i 2 mmx

B

S L e 0.2mMmm-1.0mm

50 um
(constant)

Fig.2.7 (a) Metal masks with pairs of square apertures separated by distances of 20, 30,

50, and 100 um. (b) Metal masks with pair of rectangles which area is 2 mm x L mm.
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2.5.2 Lateral Alternating Multilayered Junctions for Organic Solar Cells
(chapter 4)

For the lateral alternating multilayered junction cells (Fig. 2.8), C8-BTBT, acting
as the hole pathway, and PTCDI-C8, acting as the electron pathway, were vacuum
deposited alternately on sapphire substrate. Each layer thickness of the C8-BTBT and
PTCDI-C8 films was decreased from 50 to 25 to 10 nm while keeping the thickness of
the C8-BTBT and PTCDI-C8 films the same. The total thickness of the multilayered
junction was maintained at 100 nm. The C8-BTBT and PTCDI-C8 films were
selectively connected to only the hole- and electron-collecting electrodes, respectively,
by using a customized movable mask system (EpiTech, Inc.) (Fig. 2.9).

A sapphire substrate set on the mask (Fig. 2.10, right upper) was slid by a
precise positioning system from side-to-side along the direction of the red double arrow.
C8-BTBT, PTCDI-C8, the hole-collecting electrode (MoOs/Ag), and the
electron-collecting electrode (BCP/Ag) were deposited through the apertures in the
order of the aperture number, i.e., (1), (2), (3), and (4), respectively. To prepare the
superlattice, evaporation through apertures (1) and (2) was repeated. The cell area (7.7
x 10 cm?) is defined by the length of the overlap of C8-BTBT and PTCDI-C8 (0.014

cm) and the electrode width (0.57 cm).
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electrode E electrode
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Fig.2.8 A photograph and the corresponding structure of the lateral alternating

multilayered junction..

overlapped part (0.14 mm)
s

'

eI PTCOI-C8
(ele QN

Fig.2.9 A photograph and an illustration of a customized movable mask system.
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2.6 Measurements of Photovoltaic Properties
2.6.1 General

All the samples were set to into a vacuum sample container with a quartz glass
window in order to measure the photovoltaic properties without exposing to the

atmosphere (Epi Tech Inc.) (Fig. 2.10) During the measurement, the pressure inside

the container was kept at 10 Pa.
el

Fig. 2.10 Vacuum sample container with a quartz glass window. Simulated solar light

can be irradiated from both side of this container.
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2.7.2. Current Density-Voltage (J-V) Characteristics

The current density-voltage (J-V) characteristics were measured by irradiating
the cell with simulated solar light (USHIO INC., MS110AAA) (AM1.5, 100 mW cm™)
(Fig. 2.11). Fig. 2.12 shows typical current-voltage (J-V) characteristics in the dark
and under irradiation with the simulated solar light. The voltage was swept from -1.0
t0 1.0 Vat 0.1 V- s. The photocurrent density at 0 V and the voltage at 0 mAcm are
defined as the short-circuit current density (Jsc) and the open-circuit voltage (Voc),
respectively. The power conversion efficiency (7), i.e., the ratio of the maximum
power that the cell can produce (Pmax) to the incident light intensity (Pip), is given by the

following equation (Eq.2.3).

77 — Pmax — Jsc - Voc - FF
P Pin Pin

(2.3)

The fill factor (FF) is the ratio of the maximum power (red shaded rectangle, Fig. 2.12)

to the product of Jsc and V. (dashed line rectangle, Fig. 2.12) (Eqg. 2.4).

FF — Pmax — ]max ’ Vmax (2 4)
]SC ’ VOC ]SC ’ VOC .

Jmax and Vmax are the current density and voltage at the maximum power output. FF

signifies how close the J-V curve is to a step function. The closer the curve is to a step

function, the larger the power that can be extracted.
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Fig. 2.12 J-V characteristics under light irradiation.
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2.7.3. Action Spectrum

The action spectrum is the incident photon to current conversion efficiency
versus wavelength. Figure 2.13 shows the system used for measuring the action
spectra.  Monochromatic light from a Xe-lamp (Shimadzu, SPG-3ST) is passed
through a monochromator and used to irradiate the photovoltaic cell. The difference
between the photocurrent and the dark current, i.e., the number of carriers collected, was
measured from 900 to 300 nm in intervals of 20 nm under short-circuit conditions.
The number of incident photons was determined by the same measurement using a
standard silicon diode (Hamamatsu Photonics, S1337-66BQ). The external quantum
efficiency (EQE) was determined from the ratio of the number of carriers collected to

the number of incident photons.

Xe lamp Monochromator Sample

BPammeter,

Fig. 2.13 Action spectrum measurement system.
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2.7 Hall effect Measurement

A Hall effect®® and specific-resistance measurement system (Toyo Corp.,
ResiTest 8300) was employed as shown in Fig 2.14. The samples were fabricated on
quartz substrates. Electrodes were evaporated onto the organic thin films through a
metal mask with a distance between the electrodes (50 um). To prepare ohmic
contacts, heavily doped layers were fabricated beneath the electrodes.™”

Fig. 2.15 shows a typical example of the variation of the Hall voltage with the
magnetic field. The Hall voltage (Vy) is obtained from the amplitude, as shown in the
figure. The carrier concentration per unit volume (N, cm™) and mobility (cm?Vv?*s™)

were determined by the observed Ry (detail in chapter 1.5).

Sample

van der Pauw
type electrode

5

rubrene

ResiTest 8300

Fig. 2.14 Hall-effect measurement using the van der Pauw method
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Fig. 2.15 Hall voltage with the magnetic field at the various doping concentrations.
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“Single Crystal Organic Photovoltaic Cells Using Lateral Electron Transport”

*Mitsuru Kikuchi, Kenichiro Takagi, Hiroyoshi Naito, *Masahiro Hiramoto,
Org. Electron., 41, 118-121(2017).

Abstract

The operation of single crystal organic photovoltaic cells using lateral electron
transport was demonstrated. The spacing between the collection electrodes, which is
determined by the lateral range of the electrons, was estimated to be 30 pm. The

possibility of electron ranges of the millimeter order was indicated.
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3.1. Introduction

Recently, organic single crystal materials with high carrier mobilities greater
than 10 cm?Vs™ have been reported.*® Such high mobility was observed for carriers
moving laterally through the material due to n-m stacking parallel to the crystal surface.
Conventional organic solar cells are built vertically on indium tin oxide (ITO) glass
substrates with a sandwich-type structure.>® However, the thickness of such solar cells
with blended layers of donor (D) and acceptor (A) molecules is limited to just around
100 nm due to the problem of carrier collection arising from imperfections in the
electron and hole transport routes in the blended layer. If the photogenerated electrons
and holes can be transported laterally and collected, we can be freed from the vertical
transport of carriers and, as a result, freed from the limitation to the vertical thickness of
the cell. Based on these considerations, we attempted to fabricate lateral type organic
photovoltaic cells using high mobility organic single crystals. Initially, we focused on
the lateral transport and collection of electrons.

The concept of the lateral type cell is shown in Fig. 1(b) (right). Electrons
move laterally through the single crystal substrate. A pair of electrodes separated by a
distance L is deposited in parallel on the crystal surface. A layer of organic
semiconductor acting as a donor is inserted between the organic single crystal substrate,
which acts as an acceptor, and the electrode for collecting holes. At the D/A interface,
excitons dissociate into electrons and holes under light irradiation. Since the
photogenerated holes move in the vertical direction, the distance to the electrode is
equal to the film thickness of 30 nm. On the other hand, since the photogenerated
electrons move laterally, the inter-electrode distance (L) is at least 30 um. Thus, the

lateral distance is 1000 times the vertical distance, which means that the cell
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characteristics are dominated by the electron transport. The right hand edge of the
hole collection electrode can be regarded as the starting point for the electrons (broken

blue line).  The range of the electrons (L) is expressed by equation (1).

Le = neteE 1)

Here, pe, Te, and E are the electron mobility, the electron lifetime, and the electric field,
respectively. As shown in Fig. 3.1(b), the inter-electrode distance L can be varied.
When L is within the range L (L > L) the electrons can be collected at the electrode,
but when it is not (L. < L) they cannot. So, the photocurrent should decrease when L
is at around L.. Conversely, Le can be determined by observing the sudden drop in
photocurrent.

In this study, we adopted single crystal of naphthalenetetracarboxylic
dianhydride (NTCDA, Fig. 3.1(a)) for the electron transporting material for two reasons.
(i) NTCDA is a well known electron transporting organic semiconductor and its use as
an extremely thick (2 pum) electron transport layer in organic solar cells has been
reported.” (i) NTCDA single crystal is transparent in the visible region. This allows
direct irradiation of the D/A interface. The charge separation energy relationship is
shown in Fig. 3.1(c) and electrons are photogenerated only beneath the hole collection
electrode. Hence the starting point for electrons is aligned with the right hand edge of
the hole collection electrode.

Here, we demonstrate lateral electron transport and electron collection in

organic photovoltaic cells comprising NTCDA single crystal.
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. L=0pm - (MO Ag) j«—L=50um ! !
NTCDA  DBP DBP  L=30um .
A _—"(30 nm) [=20pm—t-, |- 1
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Fig.3.1 (a) Chemical structures of NTCDA and DBP. A photograph of NTCDA single
crystal is also shown. (b) Configurations of the lateral cell (right) and the vertical cell
(left). Thickness of NTCDA single crystal in the lateral cell and that of vacuum
deposited NTCDA film in the vertical cell are 50 um and 50 nm, respectively. (c)

Energy diagrams for DBP and NTCDA.
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3.2. Experimental
NTCDA (Tokyo Chemical Industry) single crystals were grown by physical

vapor transport'?

in N2 (1 atm) using train sublimation apparatus (EpiTech,
06ET12004). Plate shaped transparent crystals with the sizes of around 2 mm x 5 mm
and thicknesses of around 50 pm were obtained (Fig. 3.1(a)). NTCDA molecules
stack in a herringbone structure in single crystal having a monoclinic lattice. Detailed
crystal structure was reported in ref. 11.  Tetraphenyl dibenzoperiflanthene (DBP) (Fig.
3.1(a), Luminescence Technology Corp., sublimed) and MoO3; (Alfa Aeser, 99.9995%)
were used without further purification. Figure 3.1(b) (right) shows the configuration
of the NTCDA single crystal cell employing lateral electron transport and collection.
DBP, MoOs, and Ag were deposited at 10° Pa in an oil-free vacuum evaporator
(EpiTech, VTS-350M/ERH) built in a glove box purged with N, gas. Metal masks
with pairs of square apertures separated by distances of 20, 30, 50, and 100 um were
used to form the electrode pairs. A 30 nm-thick layer of DBP and a MoO3 (10 nm)/Ag
(100 nm) hole collection electrode were deposited on the NTCDA single crystal through
one of the apertures. Then an electron collection electrode (Ag (100 nm)) was
deposited through the other aperture. For reference, a vertical cell (Fig. 3.1(b) (left))
was fabricated on an ITO substrate. This can be regarded as a standard cell with L = 0.
The current — voltage (J — V) characteristics were measured under irradiation of
simulated solar light with intensities of 1, 8, and 10 suns (Asahi Spectra, HAL-320).
Irradiation was done through the NTCDA single crystal under vacuum. The
photocurrent action spectra were measured under irradiation of monochromatic light

through a monochromator (Simadzu, SPG-100ST). The field-effect electron mobility
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of the NTCDA single crystal was measured by putting the crystal on an n*-Si/SiO;

substrate acting as a gate electrode.
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3.3. Results and Discussion

Figure 3.2(a) shows the J-V characteristics of a lateral type solar cell with L =
30 um at solar light intensities of 1, 8, and 10 suns. The photocurrent is shown in the
first quadrant. Open-circuit voltage (Voc) values of 0.42, 0.62, and 0.61 V were
observed for intensities of 1 (blue curve A), 8 (orange curve B), and 10 suns (green
curve C). For the vertical type cell (Fig. 3.1(b)), Voc values of 0.61, 0.66, and 0.67 VV
(see Fig. 3.3(a), broken black curve E) were observed under the same light intensities.
The magnitudes of Voc for the lateral cell (L = 30 um) were slightly smaller compared
to the vertical cell (L =0 um). This is a clear demonstration of operation of the lateral
cell having an extremely long electron transport distance of 30 pum.

Fig. 3.2(b) shows the action spectrum (blue dots) of the external quantum
efficiency (EQE) of the short-circuit photocurrent (Jsc) for the lateral cell. The
sensitivity of the action spectrum is aligned with the absorption spectrum of the DBP
film (purple curve). When the DBP layer, which acts as a donor, was removed, no
photocurrent was observed throughout the spectral range (not shown). Apparently,
without the DBP/NTCDA (D/A) interface, no excitons were formed and no carriers
generated. Thus, we concluded that only excitons generated in the DBP layer
dissociated at the D/A interface (Fig. 3.1(c)), i.e., electrons and holes were generated
only at the D/A interface. So, we can regard the right hand edge of the D/A interface

as the starting point for the electrons (Fig. 1(b), broken blue line).
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Fig. 3.2 (a) Current-voltage (J-V) characteristics at irradiation intensities of 1 sun (blue
curve A), 8 suns (orange curve B), and 10 suns (green curve C). The broken black
curve is the dark current. (b) Action spectrum of the external quantum efficiency
(EQE) of JSC for the lateral cell (blue dots A). The solid curves are the absorption

spectra of the NTCDA film (50 nm)(yellow curve B) and the DBP film (30 nm)(purple

curve C).
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In order to determine the electron range (L), the inter-electrode distance (L)
was varied as shown in Fig. 3.1(b). Fig. 3.3(a) shows the J-V characteristics of cells
with L = 20, 30, 50, 100 um under irradiation of 10 suns. When L increases from 20
(orange curve A) to 30 um (red curve B), the magnitudes of photocurrents in the
saturated region of reverse direction from -1 to -3 V coincided well. When L increases
from 30 (red curve B) to 50 um (blue curve C), the photocurrent decreases significantly.
A further increase of L from 50 (blue curve C) to 100 um (green curve D) causes a
further, moderate decrease in photocurrent. This result suggests that the effective
electron transport occurred within 30 um in the lateral direction, i.e., the electron range
(Le) was around 30 pm. Since the electric field (E) depends on L, to evaluate L.
precisely, the photocurrent should be plotted as a function of L at constant E. E was
determined from E = (Voc + Vappl)/L Where Vg is the externally applied voltage. In
Fig. 3(b), the photocurrent-L relationships at constant values of E of 1, 2, 3, 4, and 5 x
10? V cm-1, which are around the magnitude of the built-in field (2 x 10° V cm™)
estimated by Voc (0.6 V)/L (30 pm), are shown.'? Again, sharp decreases in
photocurrent were confirmed between L = 30 and 50 pm. Photocurrent was almost
constant below L = 30 um under the sufficient electric fields (green dots C, blue dots D,
purple dots E). Therefore, we concluded that the electron range (Le) is around 30 um.

Fig. 3.3(c) shows schematic illustrations of lateral cells with L = 30, 50, and
100 pm. Le is 30 um. When L. < L, a small number of electrons can reach the
collection electrode. This situation is realized for L = 50 (Fig. 3.3(c), middle) and 100
pum (Fig. 3.3(c), bottom). When L. > L, most of the electrons can reach the collection

electrode. This situation is realized for L = 30 um (Fig. 3.3(c), top).
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Based on equation (1), electron lifetime t, Was calculated to be 0.52 ms using
Le = 30 um. Here, the electron mobility p. of the NTCDA single crystal was
determined to be 2.9 x 10% cm®V* s™ from the field-effect transistor measurement and
the built-in field for the lateral cell with L = 30 um was used for the value of E (2 x 10°
V Cm'l).lz) The value of te obtained (0.52 ms) is of the order of milliseconds, and
would enable an electron range L. of the order of millimeters to be obtained if single
crystal organic materials with an electron mobility pe of 1 cm? Vs were used.  There
is a strong probability of achieving millimeter order Le since an electron mobility of 1.7
cm? Vs has already been reported for a perylene derivative.
It should be noted that, in the lateral cell, the active area for generating photocurrent is
only in the vicinity of the right hand edge of the hole collection electrode (Fig. 3.1(b)).
The maximum photocurrent density obtained for the lateral cell is comparable to that for
the vertical reference cell (Fig. 3.1(b), L =0 um). The shape of J-V curve for vertical
reference cell (Fig. 3(a), broken black curve E) coincided well to that for lateral type
cell (Fig. 3.3(a), orange curve A). This strongly suggests that the photocurrent density
of lateral type cell (L = 20 um) reached that of vertical reference cell (L = 0 pum).
Based on this comparison, we can calculate the width of active area for generating
photocurrent in the vicinity of the right hand edge of the hole collection electrode (Fig.

3.1(b)) to be 8 um.
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Fig. 3.3 (a) J-V characteristics of lateral cells with L =20 um (orange curve A), 30 um
(red curve B), 50 pum (blue curve C), and 100 um (green curve D) and that of the
vertical reference cell (broken black curve E) under irradiation of 10 suns. (b)
Dependence of the photocurrent on L at constant values of E of 1 x 10 (red dots A), 2 x
10? (orange dots B), 3 x 10%(green dots C), 4 x 10% (blue dots D), and 5 x 10°V cm™
(purple dots E). (c) Schematic illustrations of the relationship between L and L, in the

lateral cells.
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3.4. Conclusion

In conclusion, the operation of a lateral electron transport organic photovoltaic
cell using NTCDA single crystal was successfully demonstrated. An electron range
(Le) of 30 um, which determines the maximum electrode distance, was suggested. The
large value of 1, close to the order of a millisecond indicates the possibility of having

electron ranges of the order of millimeters.
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Abstract

Blended junctions are indispensable for organic solar cells; however, the
fabrication of electron and hole transport routes in blended cells remains quite
challenging. Herein, a lateral alternating multilayered junction using a high-mobility
organic semiconductor is proposed and demonstrated. A total of 93% of the
photogenerated electrons and holes are laterally collected over a long distance (0.14
mm). The exciton-collection efficiency reaches 75% in a lateral alternating multilayered
junction with a layer thickness of 10 nm. A lateral organic alternating multilayered
junction that completely collects both excitons and carriers can be an alternative

blended junction for organic solar cells.
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4.1. Introduction
Blended junctions are commonly fabricated for modern organic solar cells'™®.
Conventional organic solar cells are vertically built on indium tin oxide (ITO) glass

10 However, the nanostructure fabrication

substrates using a sandwich-type structure
of the electron and hole transport routes in the blended donor (D) and acceptor (A)
molecules based on percolation is still a problem in spite of recent reports on some

1215 " An ideal structure,

blended systems where the thickness reached nearly a micron
i.e., a vertical alternating multilayered structure consisting of donor and acceptor
molecules that satisfy both exciton collection and carrier collection, has been

d'*'"_ A vertical alternating multilayered structure is equivalent to the structure

reporte
shown in Fig. 4.1a rotated 90°, and one of the electrode sides acts as a substrate.
However, the required aspect ratio reaches 100 because the required distance between
adjacent D/A interfaces is less than 10 nm owing to the short exciton diffusion length,
and the film thickness required to absorb all incident solar light is 1,000 nm. Thus, the
designated fabrication of vertical alternating multilayered structures when using current
lithography techniques is still very difficult.

If carrier transport over a long distance parallel to the substrate is possible, the
formation of a vertical route is unnecessary. Therefore, we proposed a lateral
alternating donor/acceptor multilayered junction (Fig. 4.1a). This structure consists of
many alternating units of planer heterojunctions between the donor and acceptor layers.
An essential point is that the photogenerated holes and electrons are laterally transported
and extracted to the respective electrodes. Recently, organic films with high mobilities

22)

for holes (reaching 43 cm® V™' s)"*2" and electrons (reaching 1.7 cm* V' s™)* were

reported. Since high mobility is observed in the direction parallel to the substrate
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owing to strong m-m interactions, this is suitable for the proposed device in Figure 1a.
As a first step, we previously attempted lateral electron collection using an
electron-transporting organic single crystal””. We attempted to fabricate a lateral
carrier-collecting multilayered junction (Fig. 4.1a). We think that this method is a
candidate for fabricating designed nanostructures having abilities similar or superior to
blended films by taking account of the rapid progress of high-mobility organic materials
having a band conductive nature. We also think that a lateral multilayered junction
that is intentionally designed on the nanometer scale can be used to clarify the operation

mechanism of blended junctions as well as to replace blended junctions.
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Concept: Fig. 4.1a shows the concept of a lateral alternating multilayered junction
cell consisting of hole pathways (Fig. 4.1b) and electron pathways (Fig. 4.1¢), which
are the simplest units. The hole and electron pathways are selectively connected only
to the hole- and electron-collecting electrodes by using the respective buffer layers. A
photogenerated exciton diffuses to the nearest D/A interface and dissociates. The
generated electron and hole move laterally through the electron and hole pathways and
are collected by the electron- (right side) and hole-collecting (left side) electrodes,
respectively. Exciton collection is achieved through nanometer-scale control of the
film thickness. Carrier collection is achieved by long-distance lateral transport of
carriers in high-carrier-mobility organic semiconductor films. The present structure
can be precisely designed via nanometer-scale control over the film thickness that is
independent of the percolation. Moreover, an unlimited vertical thickness is permitted,
which allows for the absorption of the entire solar spectrum. In this letter, we
demonstrate the operation of a lateral alternating D/A multilayered junction for organic
solar cells with a millimeter-scale macroscopic lateral distance between the electrodes.

Carrier pathway unit cells: Hole and electron pathway unit cells are shown in Fig.
4.2a and 4.2d, respectively. In the case of a hole pathway unit cell (Fig. 4.2a),
C8-BTBT, which shows a hole mobility (i) of up to 43 cm? V™' s [18,24], was used as
the hole transporter. A pair of electrodes separated by distance L was deposited on the
film surface. Cells having an L of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mm were
fabricated. Fullerene (Cgp), the acceptor (A), was inserted between the C8-BTBT, the
donor (D), and the electron-collecting electrode. At the D/A interface, excitons
dissociate into electrons and holes under light irradiation. Since the photogenerated

electrons move vertically, the distance to the electron-collecting electrode is equal to the
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Ceo film thickness (50 nm). On the other hand, since the photogenerated holes move in
the lateral direction, the distance to the hole-collecting electrode is equal to the
interelectrode distance (L), which is longer than 0.05 mm. Since the lateral distance is
1,000 times longer than the vertical distance, the characteristics of the hole pathway unit
cells are dominated by the lateral hole transport. The left-hand edge of the
electron-collecting electrode can be regarded as the starting line for the holes (solid red

line). The range of the holes (L) is expressed by Eq. (1) [25-29]:

Lh = ],lh’l.'hE (1)

where pp, th, and E are the hole drift mobility, the lifetime of holes, and the electric
field, respectively. When L is shorter than the range Ly (L, > L) (Fig. 4.2a, electrode
A), the holes are collected by the hole-collecting electrode. However, when L is
longer than the range Ly, (Ly < L) (Fig. 4.2a, electrode C), the holes are not collected.
Thus, the magnitude of the photocurrent decreases at approximately L = L, (Fig. 4.2a,
electrode B). Conversely, Ly can be determined by observing the sudden drop in the
photocurrent. By using the electron pathway unit cells (Fig. 4.2d), the electron range
(Le) can be determined in a similar manner. As an electron transporter, PTCDI-C8
(Fig. 4.2d), which has a high electron mobility (u. = 1.7 cm”* V' s [21]), was used.
Phthalocyanine (H,Pc), D, was inserted between the PTCDI-C8, A, and the

hole-collecting electrode.
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Figure 4.1. (a) Lateral alternating multilayered junction. Present reported junction
(Figure 4.5) has layer thickness of 10 nm and lateral distance of 0.14 mm, i.e., aspect
ratio reaches 1.4 x 10°. (b) Hole pathway. (c) Electron pathway. (b) and (c) are simplest

units for (a).
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4.2. Experimental

Materials: C8-BTBT (Nippon Kayaku Co., Ltd.), PTCDI-C8 (Luminescence
Technology), MoO; (Alfa Aesar), and BCP (bathocuproine) (DOJINDO) were used
without purification. Ceg (Frontier Carbon Co., Ltd., nanom purple TL) and metal-free
phthalocyanine (H,Pc) (DIC Corporation) were purified by single-crystal

sublimation®*3?.

C-plane single-crystal sapphire substrates (Kyocera) which were
annealed at 1200°C for 1 h in air (ULVAC, MILA5000) were used.

Vacuum deposition: Organic semiconductors were deposited under a pressure of 107
Pa at room temperature in an oil-free vacuum chamber housed in a glove box (EpiTech
Inc., 12ET12007). The evaporation rate of C8-BTBT, PTCDI-C8, C¢, and H,Pc was
0.1 nms™.

Fabrication of hole pathway cell (Fig. 4.2a): C8-BTBT (50 nm) was deposited on
C-sapphire substrates since C8-BTBT films with high crystallinities grown by vacuum
deposition have been reported®”. The c-axis of the C8-BTBT molecules was
confirmed to be oriented perpendicular to the substrate by X-ray diffraction. Metal
masks with two square apertures separated from each other by the desired distance L
(0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mm) were used to form the electrode pairs. Cgo
(50 nm) and an electron-collecting electrode (BCP/Ag) were deposited on the C8-BTBT
film through one of the apertures. Then, a hole-collecting electrode (MoO3/Ag) was
deposited through another aperture.

Fabrication of electron pathway cell (Fig. 4.2d): PTCDI-CS8 (50 nm) was deposited
on the C-sapphire substrates. The c-axis of the PTCDI-C8 molecules was confirmed

to be oriented perpendicular to the substrate by X-ray diffraction. Metal masks with

two square apertures separated from each other by the desired distance L (0.05, 0.1, 0.2,
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0.3, and 0.4 mm) were used to form the electrode pairs. H,Pc (50 nm) and a
hole-collecting electrode (MoOs/Ag) were deposited on the PTCDI-C8 film through one
of the apertures. Then, an electron-collecting electrode (BCP/Ag) was deposited
through another aperture.

Fabrication of lateral multilayered junction (Fig. 4.1a, Figure 2.8 (in chap. 2)):
C8-BTBT, acting as the hole pathway, and PTCDI-CS8, acting as the electron pathway,
were vacuum deposited alternately on sapphire substrate. Each layer thickness of the
C8-BTBT and PTCDI-CS8 films was decreased from 50 to 25 to 10 nm while keeping
the thickness of the C8-BTBT and PTCDI-CS8 films the same. The total thickness of
the multilayered junction was maintained at 100 nm. The C8-BTBT and PTCDI-C8
films were selectively connected to only the hole- and electron-collecting electrodes,
respectively, by using a customized movable mask system (EpiTech, Inc.) (Figure 2.8
(in chap. 2)).

Measurements: The current-voltage (J-V) characteristics were measured under
simulated solar light irradiation (ASAHI Spectra, HAL-320) from the substrate side in a
vacuum. The photocurrent action spectra were measured under irradiation by
monochromatic light using a monochromator (Shimadzu, SPG-100ST). The number
of incident photons was determined by the same measurement using a standard silicon
diode (Hamamatsu Photonics, S1337-66BQ). None of the cells were exposed to air at

any time during fabrication or testing.
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4.3. Results and Discussion
4.3.1 Carrier ranges

Fig. 4.2c¢ shows the current-voltage (J-V) characteristics of the
hole-transporting cells. At L = 0.05 mm, a clear photovoltaic curve was observed (red
curve). Photovoltaic effects were observed for L values of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
and 0.6 mm. A sudden decrease in the photocurrent was observed between L = 0.4
and 0.5 mm, and the photocurrent disappeared at L = 0.6 mm.

The dependences of the photocurrent for constant electric field strengths (E)
between the lateral electrodes of 0 (black), -10 (red), -20 (green), and -30 V cm™ (blue),
which were calculated by dividing the reverse applied voltage by L, on the electrode
distance (L) are shown in Fig. 4.2b. Here, E =0 V cm™ corresponds to the shirt-circuit
condition. Sudden drops in the photocurrent at L. = 0.4 mm were observed for all E
values. Thus, we concluded that the hole range (L;) is 0.4 mm. When a typical
hole-transporting material [NPD; N,N-di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-
diamine] with a low mobility of p, = 1.0 x 10 cm® V™' s™' was used, no photocurrent
was observed, even at L = 50 pm (Fig. 4.3). Obviously, the high mobility of
C8-BTBT is responsible for the long hole range (Ly,) reaching 0.4 mm (Fig. 4.4).

The cross-section area of the C8-BTBT film is 1 x 10° ¢cm”® since the film
thickness and width are 50 nm and 2 mm, respectively (Fig. 4.2b, black broken
rectangle). Thus, the cross-sectional current density through the hole-transporting
layer reached 0.75 A cm™ with a very low electric field (-30 V cm™) (see the right
vertical axis in Fig. 4.2b). Obviously, the C8-BTBT film acts as an excellent lateral

hole pathway.
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The electron pathway unit cells showed clear photovoltaic curves. Sudden
drops in the photocurrent for L = 0.2 mm were observed at E = 0, -10, -20, and -30 V
cm” (Figure 2.1e). Thus, the electron range (L.) was determined to be 0.2 mm.
Moreover, the cross-sectional current density through the electron-transporting layer
reached 10 mA cm™ with a very low electric field (30 V cm™, see the right vertical axis

in Figure 2.1e). Obviously, the PTCDI-CS8 film acts as an excellent lateral electron

pathway.
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Figure 4.2. (a) Hole pathway unit cells having electrode distance (L) from 0.05 to 0.6
mm. (b) Dependences of photocurrent magnitude on L under constant electric fields of 0
(black), 10 (red), 20 (green), and 30 V cm™ (blue) between lateral electrodes. Current
density calculated from area of cross section of C8-BTBT film is shown on right
vertical axis. (c) Current-voltage (J-}) characteristics of hole pathway unit cells. (d)
Electron pathway unit cells having L from 0.05 to 0.4 mm. (e) Dependence of
photocurrent magnitude on L under constant electric field strengths of 0 (black), 10

(red), 20 (green), and 30 V cm™ (blue).
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Figure 4.3. Current-voltage (J-V) characteristics of cells shown in Fig. 4.1b with L =50
pum using C8-BTBT film (black curve) and NPD film (red curve). NPD cell shows no

Jsc and no Voc.
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Figure 4.4. Transfer characteristics (Ig-V) of field effect transistor (FET) device using
vacuum deposited C8-BTBT film (50 nm). FET structure is shown as inset. Channel
length and width are 50 um and 2 mm, respectively. As a gate electrode, SiO,/Si treated
with hexamethyldisilazane (HMDS) was used. Drift mobility (pn) of 2.3 cm?V's™ was
obtained. Lifetime of holes (1) at E = 30 V cm™ (Fig. 4.2b, blue) was calculated at 0.6
ms for hole range (Ly) of 0.4 mm and drift mobility () of 2.3 cm?V*s™. Long hole
range (Ln) reaching 0.4 mm can be attributed to high mobility (u,) and significantly
long lifetime of holes (t4). It should be noted that, strictly speaking, even though at E =
0 Vem™ corresponding to shirt-circuit condition, there is a potential gradient in cell

consisting of built-in-potential in D/A interface and voltage drop across C8-BTBT film.
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4.3.2 Lateral Alternating Multilayered Junction

The hole range (L, = 0.4 mm) and the electron range (L. = 0.2 mm) were
determined. Thus, we adjusted the width of the overlap between C8-BTBT and
PTCDI-C8 in the lateral alternating multilayered junction to less than 0.4 mm and 0.2
mm, i.e., 0.14 mm for the total extractions of holes and electrons to the respective
electrode (Fig. 4.1a). The hole and electron pathways were selectively connected to
only the hole- and electron-collecting electrodes, respectively (Fig. 4.1a) by using a
custom-made movable masking system (Fig. 2.8 (in chap. 2)). The total number of
pathway layers increased, while the total thickness of the alternating multilayered
junction was maintained at 100 nm.

Superior photovoltaic characteristics were observed (Fig. 4.5a). An
open-circuit voltage (Voc) between 0.88 and 1.0 V and a fill factor (FF) between 0.36
and 0.48 were observed, which is surprising considering the small electric fields at
short-circuit condition (70 V em™) and even smaller electric field near the open-circuit
condition (<< 70 V cm™) (Fig. 4.5a). The photocurrent density was proportional to the
simulated solar light intensity between 25 and 500 mW cm™ (Fig. 4.5b). The
photocurrent density per cross-sectional area of the multilayered film reached 0.4 A
cm™ (Fig. 4.5b, right vertical axis). Thus, the photovoltaic operation of lateral
alternating multilayered junctions with a macroscopic lateral electrode distance of 0.14
mm was demonstrated.

A corresponding vertical cell with an ITO/MoQOs/C8-BTBT(50
nm)/PTCDI-C8(50 nm)/BCP/Ag structure is usually operated with a built-in electric
field under short-circuit conditions that are 10*-times larger (10° V cm™) when a cell

thickness of 100 nm and Voc of 1 V are considered.
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By increasing the number of layers from 2 (black curve) to 4 (blue curve) to 10
(red curve), i.e., by decreasing the D/A interface distance from 50 to 25 to 10 nm, a
dramatic increase in the photocurrent was observed. Photogenerated excitons within a
diffusion length of the exciton from the D/A interface can reach the D/A interface
(active layer) (Fig. 4.5e, red region). However, excitons photogenerated at distances
greater than the exciton diffusion length cannot reach the D/A interface (dead layer)
(Fig. 4.5e, pink region). Gradual elimination of the dead layer by decreasing the D/A
interface distance (Fig. 4.5e, from left to right) increases the exciton-collection
efficiency (Ngc). Thus, a dramatic increase in the photocurrent occurs.

The action spectra of the internal quantum efficiency (IQE) and the external
quantum efficiency (EQE) of the short-circuit photocurrent (Jsc) for these cells are
shown in Fig. 4.5¢ and Fig. 4.6, respectively. By increasing the number of layers from
2 to 4 to 10, i.e., by decreasing the D/A interface distance, dramatic increases in the IQE
were observed. The exciton-collection efficiency (ngc) can be quantitatively evaluated
by using the IQE. The photocurrent owing to irradiation with visible wavelengths
(400-600 nm) is generated by PTCDI-C8 since C8-BTBT is transparent. The
semilogarithmic plots of the IQE at various wavelengths vs. the PTCDI-CS8 thickness
are linear (Fig. 4.5d). The slope of the plot gives an exciton diffusion length of 12 nm,
which is the distance at which 50% of the excitons can reach the D/A interface. By
assuming that ngc is 100% at 0 nm, ngc for five monolayers of PTCDI-C8 with a
thickness of 10 nm was 75% (Fig. 4.5e, right enlarged illustration). Thus, we
concluded that the lateral alternating multilayered junction can collect most of the

photogenerated excitons at the D/A interfaces.
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The clear saturation behavior of photocurrent that is independent of the reverse
bias (Fig. 4.5a) strongly suggests that most of the photogenerated electrons and holes
are extracted laterally. Moreover, the proportional relationship between photocurrent
and light intensity (Fig. 4.5b) suggests that the carrier recombination during lateral
carrier transport is negligible. Thus, we concluded that the -carrier-collection
efficiency (ncc) in the region of photocurrent saturation is unity. Therefore, ncc of
93%, which is determined by the ratio of the Jsc value to the photocurrent in the
saturated region, was obtained (Fig. 4.5a, red curve).

With the present D/A combination of C8-BTBT and PTCDI-CS8, the exciton

dissociation efficiency (ngp) was very small and was calculated to be 0.3% using Eq.

2).

IQE = necmepncc (2)

We presume that this low efficiency is owing to the long alkyl chains of C8-BTBT
and PTCDI-C8 acting as 2-nm-thick insulators and inhibiting the initial charge
separation. However, the lateral alternating multilayered junction (Fig. 4.5a) is a
universal principle, and various kinds of organic semiconductors are suitable for use in
lateral alternating multilayered junctions. One of the advantages of a lateral
carrier-collecting alternating multilayered cell is its unlimited thickness in the vertical
direction. Therefore, tandem solar cells that can utilize the full solar spectrum can be
freely designed. Owing to the millimeter-scale macroscopic lateral distance between
the electrodes, modules with large surface areas can be fabricated by a simple masking

system.
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Figure 4.5. (a) Current-voltage (J-V) characteristics of lateral alternating multilayered
junctions of 2-layered (black), 4-layered (blue), and 10-layered (red) devices.
Photocurrent density per cell area is shown on left vertical axis. Effective electric field
in cell is shown on upper horizontal axis. Photocurrent density per cross-sectional area
of multilayered film is shown on right vertical axis. Broken curve is dark current. (b)
Dependence of short-circuit photocurrent density (Jsc) on simulated solar light intensity

between 0.25 and 5 suns (from 25 to 500 mW cm™) for 10-layered alternating
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multilayered cell. (c) Action spectra of internal quantum efficiency (IQE) of Jsc for each
number of layers. Absorption spectrum of film having total thickness of C8-BTBT (50
nm) and PTCDI-C8 (50 nm) is also shown (black curve). (d) Semilogarithmic plots of
dependence of IQE at various wavelengths on PTCDI-C8 layer thickness. (e) Active
region (red) and dead region (pink) of exciton collection in 2-, 4-, and 10-layered cells.
Layer thickness of 10 nm corresponds to 5 and 3 molecules of PTCDI-C8 and C8-BTBT,

respectively.
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Figure 4.6. (a) Action spectra of external quantum efficiency (EQE) of short-circuit
photocurrent (Jsc) for each number of layers. Absorbance of film having total thickness

of C8-BTBT (50 nm) and PTCDI-C8 (50 nm) is also shown.
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4.4. Conclusion

In conclusion, the lateral organic alternating multilayered junction has an
ability to collect both excitons and carriers almost completely. A lateral alternating
multilayered junction can be regarded as an alternative blended junction for organic

solar cells.
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Hiramoto,
Org. Electron., 64, 92-96 (2019).

Abstract

Doped rubrene single-crystal photovoltaic cells were fabricated. Whole
photocurrent generated in the pn-homojunction with the macroscopic area of 2 mm x 1
mm was confirmed to be collected through the p-doped homoepitaxial layer. A
single-crystal substrate collected excitons to the pn-homojunction with the collection

efficiency reaching 46%, owing to the long exciton diffusion length of 2.7 pm.
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5.1. Introduction
Recently, organic single-crystal devices have been the subject of significant

research interest.'™

Organic single crystals with high carrier mobility, reaching 40
cm?V's?%9 have been reported. Because high carrier mobility is manifested parallel
to the crystal surface along the 77 stacking of organic molecules, lateral-type organic

10)

single-crystal cells have been reported. On the other hand, a long diffusion length of

excitons in organic single crystals such as anthracene has been suggested earlier.""™
Recently, a long exciton diffusion length (2-8 pm) was reported for rubrene single

crystals.*

Although these findings strongly suggest the suitability of organic single
crystals to photovoltaic cells, there remains a hurdle related to the carrier collection,
which stems from the high resistivity of these crystals owing to the absence of free
carriers. Recently, we developed a bulk-doping technique for homoepitaxially grown
rubrene single-crystal layers."® This technique can offer a doped high-conductivity
route in organic single crystals for carrier collection. Thus, in this study, we tried to
fabricate doped rubrene single-crystal photovoltaic cells.

A doped organic single-crystal cell is schematically shown in Fig. 5.1. A
p-doped single crystalline layer, homoepitaxially grown on a single crystal, acts as a
p-type hole-transporting layer (Fig. 5.1, blue rectangular part). A pn-homojunction,
directly connected to an electron-collecting electrode (Fig. 5.1, red rectangular part), is
formed on this p-type hole-transporting layer. Under the light irradiation, excitons that
are generated in an undoped crystal substrate (Fig. 5.1, orange rectangular part) diffuse

to the pn-homojunction, yielding an intrinsic electric field, and dissociate. Holes that

are generated in the pn-homojunction are collected by a hole-collecting electrode
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through a p-type hole-collecting route.  Electrons that are generated in the
pn-homojunction are directly collected by the electron-collecting electrode.

The doped organic single crystal cell (Fig. 5.1) is a function-separated
photovoltaic cell. The p-type homoepitaxial layer (blue rectangular part) acts as the
hole transporter. The pn-homojunction (red rectangular part) acts as the exciton
dissociator. The single crystal substrate (orange rectangular part) acts as the exciton
collector. The internal quantum efficiency (IQE) of the photocurrent is given by

equation (1).

IQE = 7ec 7ep 7cc (1).

Here, 7ec, nep, and ncc represent the exciton collection efficiency, the exciton

dissociation efficiency, and the carrier collection efficiency, respectively.

In this paper, we report the photovoltaic operation of the doped rubrene

single-crystal cell.
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Fig. 5.1 Structure of the fabricated doped organic single-crystal photovoltaic cell.
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5.2. Experimental
Single crystals of rubrene (Tokyo Chemical Industry) were grown by physical

16,17)

vapor transport in N (0.1 atm). The thicknesses of the crystals were in the 2-5.4

um range. Homoepitaxial films of rubrene were grown on the rubrene single-crystal
substrate by depositing at a low evaporation rate of 3.3 x 10° nm s® at room
temperature,™®*® using a vacuum evaporator housed in a glove box (EpiTech Inc.,
12ET12007). Doping was performed by co-evaporation. Fe,Clg (Sigma-Aldrich,
99.99%)'%% and Cs,CO; (Sigma-Aldrich, 99.999%)*?2 were used for the acceptor and
donor dopants, respectively. The doping concentrations of 10 and 100 ppm in volume
correspond to the dopant evaporation rates of 3.3 x 10® and 3.3 x 107 nm s, which
were realized by reducing the evaporation rate using rotating disks with slits with the
aperture ratio of 1:100. The p*- and n*-rubrene films (thickness, 10 nm) that were
heavily doped with Fe,Clg and Cs,CO;3 at the concentration of 10,000 ppm were
inserted between the Ag electrodes and p- and n-type crystals, to form ohmic contacts
(Fig. 1). The lateral gap between the two electrodes was kept at 0.05 mm. The width
of the pn-homojunction, i.e., that of the Ag electrodes, was kept at 2 mm. The area of
the pn-homojunction (Fig. 5.1, red part) was 2 mm x L mm. Here, L represents the
length of the pn-homojunction (Fig. 5.1). The value of L was varied from 0.2 to 1.0

2% with two ohmic electrodes (p*-layer/Au)

mm. On the other hand, hole-only devices
in contact with the p-layer (Fig. 5.2(a), insets) were fabricated for evaluating the
characteristics of the p-layer (Fig. 5.1, blue rectangular part).

Current — voltage (J-V) characteristics were measured under irradiation by

simulated solar light with the light intensity ranging from 0.05 to 10 suns (Asahi Spectra,

HAL-320). The photocurrent action spectra were measured under the irradiation by
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monochromatic light using a monochromator (Shimadzu, SPG-100ST). Hall
measurements were performed for hole-only devices (Fig. 5.2(a), insets) with the van
der Pauw four-electrode system using a Hall effect measurement system (Toyo Corp.,
ResiTest 8300). During the fabrication of cells and during measurements the analyzed

samples were not exposed to air.
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5.3. Results and Discussion
5.3.1 The characteristics of p-type homoepitaxial layer

To evaluate the characteristics of the p-layer (Fig. 5.1, blue rectangular part),
hole-only devices with the p-type homoepitaxial rubrene layer doped with Fe,Clg (100
ppm) (Fig. 5.2(a), insets) were fabricated. Fig. 5.2(a) shows the dependence of the
hole concentration per area (N./cm™) (red dots) on the p-layer’s thickness, evaluated
using the Hall effect measurements. N_ increased proportionally to the p-layer’s
thickness. Obviously, the number of holes increased proportionally to the p-layer’s
thickness. Thus, we obtained the hole concentration per unit volume (N/cm™) (blue
dots) of 2.6 x 10'” cm™, which was independent of the p-layer’s thickness. This
clearly proves that the holes that are responsible for the carrier transport in these crystals
are generated in the p-layer.  Fig. 5.2(b) shows the dependence of the hole mobility
(un) and the specific conductivity (o) on the p-layer’s thickness. Though the slight
decrease of py causing the slight decrease of o was observed, the p-layer has the
significant high value of py of 1.5 cm? Vs (20 nm).

Fig. 5.2(c) shows the dark current-voltage (J-V) characteristics of a hole-only
device with a 20-nm-thick p-layer. Ohmic behavior was observed (Fig. 5.2(c)). Thus,
we concluded that ohmic contacts to p-type rubrene single crystal are formed by using

29 Current density reached 5250 mA cm? at 4 V (right vertical

the p*/Ag electrode.
axis) and the specific conductivity (o) of 54 x 102 S cm™ was obtained under the
condition of the current flowing through the p-layer with the cross-sectional area of 20
nm x 2 mm. The value of the specific conductivity (5.4 x 10%S cm™) agreed well

with that measured using the van der Pauw configuration (6.0 x 102 S cm™). Thus, we

concluded that the p-type homoepitaxial layer (Fig. 5.1, blue rectangular part) can act as
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a lateral hole transporter.
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Fig. 5.2 (a) Dependence of the hole concentration per area (N ) (left vertical axis) (red
dots) and of the hole concentration per unit volume (N) (right vertical axis) (blue dots)
on the p-layer’ s thickness. The structures of hole-only devices are also shown (insets).
(b) Dependence of the hole mobility (un) and the specific conductivity (o) on the
p-layer’ s thickness. (c) Dark current-voltage (J-V) characteristics for a hole-only device
with the 20-nm-thick p-layer. The right vertical axis shows the current density per the

cross-sectional area of the p-layer.
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5.3.2 Doped organic single-crystal photovoltaic cells

Fig. 5.3(a) shows the J-V characteristics of doped organic single-crystal
photovoltaic cells with both the p-layer (Fig. 5.1, blue part) and the pn-homojunction
(Fig. 5.1, red part) (Fig. 5.3(a), red curves), only the p-layer (Fig. 5.1, blue part) (Fig.
5.3(a), black curve), and only the pn-homojunction (Fig. 5.1, red part) (Fig. 5.3(a), blue
curves). A clear photovoltaic effect was observed in the cell with both the p-layer and
the pn-honojunction (red curve). However, the photovoltaic effect was not observed in
the cells without the p-layer (blue curve) or without the pn-homojunction (black curve).
Therefore, we concluded that the photovoltaic effect in the analyzed organic single
crystals appeared only when both the conditions of the lateral hole transport by the
p-layer and the photocarrier generation in the pn-homojunction were satisfied.

The photocurrent density per the cross-sectional area of the p-layer in the
short-circuit condition (Fig. 5.3(a), right vertical axis) for the cell (Fig. 5.3(a), red curve,
w/ pn junction, w/ p-layer) was 120 mA cm™.  On the other hand, based on the J-V
curve for the hole-only device in Fig. 5.2(c), the voltage drop of 0.12 V was derived at
the same current density of 120 mA cm™ per the cross-sectional area of the p-layer.
This voltage drop is significantly low by taking the lateral gap of 0.05 mm between the
two electrodes into account since the electric field between electrodes is calculated to
only 24 V cm™ (0.12 V / 0.005 cm). Very small required electric field strongly
suggests that the lateral current flow through the p-layer is not a limiting factor of the
photocurrent generation in the presently considered single-crystal cell.

The lateral hole-collection ability of the p-layer was further confirmed by
increasing the length of the pn-homojunction (L) (Fig. 5.1). Irrespective of the

irradiating light intensities (ranging from 0.05 sun to 10 sun), the photocurrent was
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proportional to L, for L in the 0.2-1 mm range (Fig. 5.3(b)). Simultaneously, the
photocurrent density per cross-sectional area of p-layer increases with the increase of
L. Considering that the intensity of the electric field in the lateral direction can be
regarded as nearly zero in the p-layer (Fig. 5.1) under a continuous metal electrode, we
supposed that the holes in the p-layer are flowed by the diffusion process. Diffusion
current allows to collect photo-generated holes independent of the lateral distance from
L = 0.2 mm to the extremely far distance of L = 1 mm. Therefore, the p-layer can be
regarded as a pseudo-electrode. Thus, we concluded that lateral hole transport and
collection of holes from the entire area of the pn-homojunction occur, with the carrier
collection efficiency (7cc) of unity. As a result, the photocurrent density per area of
the pn-homojunction can be calculated as shown in Fig. 5.3(a) (left vertical axis).

It should be noted that p-doped rubrene layer has another role for lateral hole
extraction. When the intrinsic rubrene single crystal is directly attached to the pn
junction without the p-layer (Fig. 5.1, blue rectangular part), an energy barrier at the
intrinsic / p-type rubrene interface due to the different Er value is formed. Since holes
generated in a relatively upper lying HOMO level of the p-doped rubrene cannot come
into the HOMO of intrinsic rubrene, the collection of photo-generated holes is

prevented (Fig. 5.3(a), blue curve).
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Fig. 5.3(a) J-V characteristics of doped organic single-crystal photovoltaic cells. Red
curves: w/ p-layer, w/ pn-homojunction. The dashed red curve shows the dark current.
Black curve: w/o pn-homojunction, w/ p-layer. Blue curve: w/ pn-homojunction, w/o
p-layer. Simulated solar light at 10 suns was irradiated from the electrode side. (b)
Dependence of the short-circuit photocurrent on the length of the pn-homojunction (L)
(Fig. 1). Light intensities are 0.05 (blue), 0.1 (black), 0.5 (purple), 1 (green), 5 (orange),

and 10 sun (red). The dotted line corresponds to the slope of unity.
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5.3.3 Calculation for the exciton collection efficiency and exciton
diffusion length

Fig. 5.4(a) shows the action spectra of the IQE of the short-circuit photocurrent,
for the cell in Fig. 5.1, with the crystal thickness of 5.4 pm, irradiated by
monochromatic light, from the substrate side (red curve) and from the electrode side
(blue curve). The photocurrent action spectrum was observed even for the substrate
side irradiation (red curve). The IQE value was about 4 times larger for the electrode
side irradiation compared with the substrate side irradiation (Fig. 5.4(a), inset).
Because the absorbance at the absorption peak wavelength (500 nm) is 3.1, the depth of
the light penetration at which 90% of light is absorbed is 1.8 um from the irradiation
side of the rubrene crystal (Fig. 5.4(b), upper panel, red and blue curves). Therefore,
in the case of substrate irradiation, to generate the photocurrent, the photogenerated
excitons should travel ~3.6 um to reach the pn-homojunction. We quantitatively
analyzed the exciton diffusion length. Fig. 5.4(b) shows the light absorption profiles
for the substrate side (Fig. 5.4(b), upper panel, red curve) and electrode side (Fig. 5.4(b),
upper panel, blue curve), for irradiation by 500-nm-wavelength monochromatic light.
Diffusion profiles of excitons generated at the bottom surface of the crystal substrate
(horizontal axis in Fig. 4(b), thickness = 0 um) for various exciton diffusion lengths (o)
with the number of excitons decreasing to (1/e) are shown in Fig. 5.4(b) (lower panel).
The fraction of excitons that can diffuse to the pn-homojunction can be calculated by
multiplying the fraction of absorbed photons (Fig. 5.4(b), upper panel) and the fraction
of surviving excitons (Fig. 5.4(b), lower panel). The overall fraction of excitons that
can diffuse to the pn-homojunction, i.e., the exciton collection efficiency (nec), can be

calculated by summing up the fractions obtained for all starting points in the
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light-absorbing profile. Fig. 5.4(c) shows the dependence of the calculated exciton
collection efficiency (7ec) on the exciton diffusion length (o), for the substrate side (red
dotted curve) and electrode side (blue dotted curve) irradiations. Because the distance
between the light-absorbing profile and the pn-homojunction for the substrate
irradiation (Fig. 5.4(b), upper panel, red curve) is significantly larger compared with
that for the electrode irradiation (Fig. 5.4(b), upper panel, blue curve), 7ec increases
rapidly with o for the electrode side irradiation and somewhat slower for the substrate
side irradiation. The ratio of ngc for the substrate side irradiation (77ec(sub)) to that for
the electrode side irradiation (7ec(elec)) is shown in Fig. 5.4(c) (black dotted curve).

As shown in Fig. 5.4(a), the IQE for the electrode side irradiation (IQE(elec))
is 2—4 times higher than that for the substrate side irradiation (IQE(sub)) (Fig. 5.4(a),
inset). Here, the observed (IQE(elec)/IQE(sub)) is equal to (7ec(elec)/7ec(sub)) based
on equation (1), because the exciton dissociation efficiency (nep) and carrier collection
efficiency (7cc) obviously do not depend on the light irradiation side. Therefore, by
comparing (IQE(elec)/IQE(sub)) (Fig. 5.4(a), inset) and (7ec(elec)/nec(sub)) (Fig.
5.4(c), black dotted curve), the exciton diffusion length (c) was determined to be 2.7
pm for 500-nm-wavelength irradiation. The exciton diffusion length o exhibited
values ranging from 2.2 pum to 2.7 um for wavelengths ranging from 420 nm to 500 nm
(Fig. 5.4(d)). These values are in agreement with reported value (2-8 um).*¥

In the case of the electrode side irradiation by 500-nm-wavelength
monochromatic light, the exciton collection efficiency (7ec) reached 46% by assuming
that half of the excitons diffuse to the opposite direction to the pn-homojunction, i.e.,
the substrate direction, and do not contribute to the photocurrent generation. On the

other hand, carrier collection efficiency (7cc) can be regarded to be unity. Based on
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equation (1), exciton dissociation efficiency (7ep) was estimated as 0.13%, using the

IQE value of 0.06%.
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Fig. 5.4 (a) (upper) IQE action spectra of the short-circuit photocurrent for the cell in
Fig. 5.1, with the crystal thickness of 5.4 um, irradiated by monochromatic light from
the substrate side (red curve) and from the electrode side (blue curve). The absorption
spectrum of the 5.4-um-thick rubrene single crystal (black broken curve) is also shown.

(lower) Spectral dependence of (IQE(elec)/IQE(sub)). (b) (upper) Light-absorption
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profiles of the rubrene single crystal at the wavelength of 500 nm, irradiated from the
substrate side (red curve) and from the electrode side (blue curve). (lower) Exciton
diffusion profiles generated at the bottom surface of the crystal substrate, for various
exciton diffusion lengths (o) of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 um. (c) Dependence of the
calculated exciton collection efficiency (7ec) on the exciton diffusion length (o) for the
substrate side irradiation (red dotted curve) and electrode side irradiation (blue dotted
curve). The ratio 7ec(sub)/nec(elec) is also shown (black dotted curve). (d) Spectral

dependence of the exciton diffusion length.
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5.4. Conclusion

In conclusion, the operation of a doped organic single-crystal photovoltaic cell
was demonstrated. Low exciton dissociation efficiency (7ep) can be attributed to the
relatively low electric field in the gradual depletion layer of finite width formed at the
pn-homojunction mainly due to the very low doping concentration of 10 ppm. We
think that #ep would be increased by using donor/acceptor heterojunction accompanying

the abrupt electrostatic potential gradient 2°.

The long exciton diffusion length in
organic single crystals can eliminate the need for blended junctions. We posit that
realizing whole doped organic single-crystal substrates is necessary for the further

development of organic single-crystal photovoltaic cells.
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Chapter 6: Thesis Summary

The conclusions of this thesis and prospects for the future are presented in this
chapter. The achievements of this study can be summarized as follows.

1) The operation of NTCDA single-crystal OPV cells using lateral electron transport
with a macroscopic value of 30 pm was demonstrated.

2) The hole and electron ranges of C8-BTBT and PTCDI-C8 crystalline films of 0.4
and 0.2 mm were demonstrated, respectively.

3) A lateral organic superlattice junction, which completely collects both excitons and
carriers, can be an alternative blended junction for OSCs.

4) The operation of a doped organic single-crystal photovoltaic cell was demonstrated.
The large exciton diffusion lengths of organic single-crystals can eliminate the need
for blended junctions. The p-doped single-crystalline layer can be regarded as a
pseudo-electrode.

The results in this thesis can pave the way for the following future
developments. First, a lateral device structure for OSCs could be achieved using a
high-mobility organic single-crystal. Second, if whole-doped organic single-crystal
substrates are realized, doped organic single-crystal wafers, similar to Si wafers, could

be introduced.
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