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The organic semiconductors have been employed in electronics and optoelectronic devices be-
cause of their wide range of properties. A great number of organic materials have been used as the
active layer for applications in organic electronics such as organic light emitting diodes (OLEDs),
organic field effect transistors (OFETs), and organic photovoltaic devices (OPVs). Organic layers
have been prepared by using several methods of solution process such as spin-coating, and vacuum
process such as vacuum thermal evaporation. The structure and quality of the resultant organic layers
affects the performance of the electronic devices, and the amorphous and bulk-heterojunction struc-
ture that was a nano-scale mixture of the n-type and p-type organic semiconductor have been em-
ployed for organic PV devices.

Organic semiconductors of n-conjugated small molecules are promising and versatile organic
semiconductors for the electronics and optoelectronic devices including organic PV devices because
of the high mobility relating to the diffusion length of the carrier. The transporting phenomena of
the mobility is affected by the molecular arrangement in the organic semiconductor layers, and the
arrangement of the thin layers installed into the devices has been controlled by adjusting the growth
including the preparation technique, substrate and under-layer material, and the deposition rate. The
heteroepitaxial growth has been generally employed for the fabrication of electronics and optoelec-
tronics devices constructed of inorganic semiconductors, and the lattice relationship at the hetero-
interface between the layer and substrate material affects the atomic arrangement of the resultant
inorganic layer. The information and knowledge on the growth of organic semiconductors is still
insufficient compared with that for inorganic semiconductors.

In this thesis, the structure of single layers and bi-layers of n-conjugated small molecules of 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) and N,N'-dioctyl-3,4,9,10- perylenedi-
carboximide (PTCDI-C8) prepared on single crystal substrates by a vacuum thermal evaporation was
investigated with X-ray diffraction (XRD) and atomic force microscopy (AFM). The purpose of this
work is to characterize the growth of organic semiconductors including the effects of the under-layer
material and orientation and to propose the tentative growth model applicable for the development
of next generation m-conjugated small molecular based devices.

In Chapter 1, the background and purpose of this study was mentioned.

In Chapter 2, the preferred orientation and growth behavior of C8-BTBT deposited on quartz
glass, (1120)A-, (0001)C-, (1102)R-single-crystal Al,Os (sapphire), (100)-, and (111)-single-crystal
MgO substrates were investigated by XRD and AFM. The (001) out-of-plane orientation with a
similar in-plane orientation was developed irrespective of the substrate material and orientation, and
the degree of the development was reflected by the grain structure of the substrates.

In chapter 3, effects of the layer thickness and preparation temperature of the C8-BTBT layer on
C-sapphire substrate on the growth and characteristics have been investigated with XRD, AFM, op-
tical absorption measurement, and resistivity measurement with and without light irradiation. The

C8-BTBT layers with the optical bandgap energy around 3.3 eV possessed the (001) out-of-plane




orientation irrespective of the layer thickness and preparation temperature. The C8-BTBT layers
were growing up in direction parallel to the substrate surface keeping almost constant height, and the
continuous layer was formed by the coalescence of the C8-BTBT grains. The electrical resistivity
decreased with increase in the preparation temperature due to the increase in the grain size, and the
light irradiation induce the drastic decrease to 42-28 Qcm. The tentative growth mechanism gov-
erned by n-n-stacking-induced molecular ordering and diffusion of molecules on the substrates was
proposed based on the experimental results.

In chapter 4, the preferred orientation and structure of PTCDI-CS layers on the Al,O3; and MgO
substrates were investigated by XRD and AFM observation. The (001) out-of-plane orientation was
developed irrespective of the substrate material and orientation, and the continuous layer composed
of needle-like grains was formed at the thickness of 15 nm followed by the grain growth with the
thickness. The growth of the PTCDI-CS layer was similar to that for C8-BTBT layer, and the pro-
posed growth mechanism is adequate to the PTCDI-C8 growth.

In Chapter 5, the surface state of C8-BTBT/PTCDI-C8 bi-layers prepared on C-sapphire sub-
strate were investigated by XRD, AFM, and Kelvin Force Microscopy (KFM). The lattice relation-
ship of (001)-C8-BTBT//(001)-PTCDI-C8 was developed irrespective of the stacking order, but the
C8-BTBT/PTCDI-C8 bi-layer showed an excellent performance in the surface morphology and po-
tential homogeneity compared with the PTCDI-C8/C8-BTBT bi-layer, suggesting the importance of
the stacking order in the fabrication of the bi-layer and the n-n-stacking-induced molecular ordering
of each layer on the growth.

In Chapter 6, the results obtained in this study was summarized. The tentative growth mechanism
proposed based on the experimental results was adequate to the growth of the single layers and bi-
layers of C§8-BTBT and PTCDI-CS, and the growth model and experimental results obtained here
will support to the improvement of the performance of future n-conjugated based organic semicon-
ductor layers and device fabrication for organic-based applications.
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CHAPTER 1

Introduction

1.1 Organic semiconductors

The organic semiconductors have a wide range of properties as thermal, physical, opti-
cal, electrical, and magnetic characteristics which make them possible to be employed in large
area, and lightweight electronics and optoelectronic applications.[1-5] Since impressive devel-

opment in organic semiconductor materials as conductive halogen-doped polyacetylene with



conductivity up to 10° S/m have been discovered by Shirakawa, Heeger, and MacDiarmid, the
research interest has been focused on the use of molecular based materials in electronics appli-
cations.[6] The semiconducting properties of organic materials exhibit the m-conjugation sys-
tem. This m-conjugated bonds in organic materials allow for electron delocalization along mol-
ecule which give rise the semiconducting properties including conductivity and electronic be-
haviors. By applying these concepts, it have been demonstrated that the suitability of organic
semiconductor materials in a wide range of commercial devices including displays, smart tags,
diodes, transistors, solar cells and sensors.[7-11] All of these electronic devices mainly based
on organic layers which serve as the active layer. Since the quality of the active organic layers
is directly linking to the performance of the devices, fabricating the organic layers with prom-
ising organic materials and characterization of its formations are highly required for develop-
ment of efficient devices.

The m-conjugated organic semiconductors are promising and versatile materials for
electronics and optoelectronic devices.[12—15] Many research have been progressed and fo-
cused on the development of high performance organic devices built from conjugated organic
molecules because high efficient organic light-emitting diodes (OLEDs) was demonstrated by
C.W. Tang and S. A. VanSlyke in 1987.[16] A great number of t-conjugated organic materials
have been used for application in organic electronics; organic light emitting diodes (OLEDs),
organic field effect transistors (OFETs), and organic photovoltaic devices (OPVs), etc.[5][17—
20] In general, charge transport property of charge carrier mobility is very important factor for
these devices. It have been reported the comprehensive review of the progress in carrier mobil-
ity of organic semiconductors with the year from 1984 to 2014 in Figure 1.1 and Table

1.1.[21][22]
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Figure 1.1 Evolution of field-effect mobility value of organic semiconductor based TFTs.

Table 1.1 The reported results for highest field effect mobility values of organic semiconductor

based TFTs 1984 to 2014.

Year | Organic Semiconductors Deposition Method | Mobility Refer-
(cm*V's™) ence
1964 | Cu-pthalocyanine Vacuum deposition | Not Reported | [23]
1983 | Polyacetylene Solution process Not Reported | [24]
1984 | Merocyanine 1.5x10” [25]
1986 | Polythiophene Solution process 10 [26]
1988 | Polyacetylene Solution process 107 [27]
Poly(3-hexylthiophene) Solution process 107 [28]
Phthalocyanine Vacuum deposition [29]
1989 | Poly(3-alkylthiophene) Solution process 10~ [30]
a-sexithiophene Vacuum deposition | 107 [31]




1992 | a-sexithiophene Vacuum deposition | 0.027 [32]
Pentacene Vacuum deposition | 2x107

1993 | a- o-dihexyl-sexithiophene Vacuum deposition | 0.05 [33]
Polythienylenevinylene Solution process 0.22 [34]

1994 | a- o-dihexyl-sexithiophene Vacuum deposition | 0.06 [35]

1995 | a-sexithiophene Vacuum deposition | 0.03 [36]
Pentacene Vacuum deposition | 0.038 [37]

1996 | Phthalocyanine Vacuum deposition | 0.02 [38]
Poly(3-hexylthiophene) Solution process 0.045 [39]

1996 | Pentacene Vacuum deposition | 0.62 [40]

1997 | Pentacene Vacuum deposition | 1.5 [41]
Bis(dithienothiophene) Vacuum deposition | 0.05 [42]
trans-trans-2,5-Bis-[2-5-(2,2- Vacuum deposition | 0.01 [43]
bithienyl)ethenyl]thio-
phene(BTET)

1998 | Poly(3-hexylthiophene) Solution process 0.1 [44]
a- o-dihexyl-quaterthiophene Vacuum deposition | 0.23 [45]
Dihexyl-anthradithiophene 0.15 [46]

2000 | o- o-dihexyl-quinquethiophene | Solution process 0.1 [47]

2002 | Pentacene Solution process 0.89 [48]
N,N’-dioctyl-3,4,9,10-perylene | Vacuum deposition | 0.6 [49]
tetracarboxylic diimide
(PTCDI-C8)

2003 | Pentacene Vacuum deposition | 3.4 [50]




2004 | Rubrene Single crystal 15 [51],]52]

2005 | Rubrene Solution process 0.7 [53]

2006 | 2,7-Diphenyl[1]ben- Vacuum deposition | 2 [54]
zothieno[3,2-b]benzothiophene
(DPh-BTBT)

2007 | TIPS-pentacene Solution process 1.8 [55]
Pentacene Single crystal 15-40 [56]
Rubrene Single crystal 43 [57]
Hexamethlenetetrathiafulvalene | Single crystal 10 [58]
(HMTTF)
titanyl phthalocyanine (TiOPc) | Vacuum deposition | 10 [59]

2009 | Dinaphtho[2,3-b:2°,3’- Single crystal 8.3 [60]
f]thieno[3,2-b]-thio-
phene(DNTT)

2011 | 2,7-dioctyl[1]benzothieno[3,2- | Single crystal, 313 [61]
b][1]benzothiophene Solution process
(C8-BTBT) 4.6 [62]
TIPS-pentacene Solution process 8 [63]
CI10-DNTT Vacuum deposition | 11 [64]
C10-DNTT Solution process 16 [65]

Dianthracen-[2,3-b:2’,3’f]

thieno[3,2-b]thiophene (DATT)

Single crystal




2012 | Hexacene Single crystal 4.3 [66]
C13-BTBT Vacuum deposition | 17.2 [67]
Dithienylthieno(3,2-b)thiophene | Solution process 10.5 [68]
(DTT) and N-alkyl diketo-

pyrrolo-pyrrole (DPP)

2013 | TIPS-pentacene Solution process 11 [69]
Bis(benzothieno) naphthalenes | Vacuum deposition | 15.6 [70]
(BBTN)

2014 | Poly (thineoisoindigo-alt-naph- | Solution process 14.4 [71]

thalene)(PT IIG-Np)

According to those charge carrier mobility values, progression is the development of
designing and synthesis of new materials, deposition techniques and controlling the growth
during deposition which make improving the interface between substrate-molecules and/or
molecules-molecules.[42][72] The performance and efficiency analysis of the m-conjugated
small organic molecular based devices have been emphasized since some devices including
OFET based displays, radio frequency identification tag, OLED display and lighting were com-
mercially available. However, some challenges still remain for good performance molecular
based devices as the stability of the devices with high mobility. To fulfill these statements, the

organic thin films with high crystallinity and less defect concentration are highly demanded.



1.2 Structure of organic semiconductor devices

The organic semiconductors are promising materials to be used in organic electronics
and optoelectronics devices. [73—75] The different properties and structure of the organic mo-
lecular layers determine the performance of the organic electronics devices. Different kinds of
organic electronics and optoelectronics devices demand different properties of the layer struc-
ture. For instance, highly order monocrystalline structure is particularly required for high per-
formance organic field effect transistors (OFETs) and organic photovoltaic devices (OPVs).
[76-78] In contrast, amorphous structure with high uniformity and smooth surface formation is
desirable for organic light emitting devices (OLEDs) because of the hopping-type charge trans-
fer and highest quantum yield in amorphous structure layers.[79]

Different electronics and optoelectronics structure or configuration of devices required
the different properties of semiconductor layers as molecular packing structure including mo-
lecular orientation and grain structure within the organic active layers. Among the development
of various molecular based electronic devices, two typical devices OPVs and OTFTs are de-

scribed here.

1.2.1 Organic Photovoltaics (OPVs)

The organic semiconductor layers serve as active layers in organic photovoltaics OPVs
devices and it convert light energy to electricity. OPVs could be fabricated by using different
device structures including single layer cells, and layers stacking of organic active layers as
heterojunction cells, tandem cells and so on. The single layer structure of OPVs showed poor
performance with power conversion efficiency less than 0.1% before the mid1980s.[80] In 1986,
efficiency improvement become 1% have been achieved by stacking the bi-layer of electron

donor (D) and electron acceptor (A) as heterojunction type solar cells.[16] The molecular blend



type co-deposited bulk heterojunction solar cell was developed by Hiramoto et al.[81,82] The

different configurations of heterojunction OPVs are shown in Figure 1.2.

acceptor layer ”~ DAL
-A layer

Planar heterojunction Bulk heterojunction

(a) (b)

Figure 1.2 Schematic diagrams of structure of OPVs (a) bi-layer planar heterojunction (b) bulk-

heterojunction.

In heterojunction cells, donor layer and acceptor layer of photoactive layers were sand-
wiched between two electrodes; cathode and anode. There are four basic principles (in Figure
1.3) for the operation of heterojunction OPVs. They are (1) light absorption and formation of
excitons, (2) exciton diffusion to the donor-acceptor interface, (3) exciton dissociation, and (4)
charge carrier transport and charge collection at the electrodes. [83]

When the solar spectrum is directed onto the organic semiconductor layer and absorp-
tion of photons which lead to the electron-hole pairs of excitons formation in the first step of
the operations. After absorption of light, photo generated excitons diffuse inside the layer within
a few nanometer range 5-20 nm.[84] Since the exciton diffusion length in organic semiconduc-
tor have a limitation, it is required for exciton to reach a donor-acceptor interface. Exciton dis-

sociation occurs at the donor-acceptor interface when the difference in energy level of LUMO



of donor and acceptor is higher than exciton binding energy. Exciton recombination may hap-
pen when excitons do not reach the donor-acceptor interface, and in this case, photocurrent
could not be generated. Exciton dissociation is one of the crucial steps for performance of the
OPVs which is affected by the interface structure as the planar heterojunction or bulk hetero-
junction. The excitons require to dissociate at the donor-acceptor interface in order to collect
the charge at the electrodes. It is clearly seen that these process of the OPVs are affected by the
structure including orientation, morphology, and grain structure of the donor-acceptor lay-

ers.[17][85]

—
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Figure 1.3 Schematic diagram of basic principles for the operation of heterojunction OPVs (1)
light absorption and formation of excitons, (2) exciton diffusion to the donor-acceptor interface,

(3) exciton dissociation, and (4) charge carrier transport and charge collection at the electrodes.



1.2.2 Organic Field Effect Transistors (OFETs)

Organic Field Effect Transistors are fundamental building block for electronic devices
as displays, sensors, radio frequency identification tags and so on.[9,10][86,87] Generally,
OFETs can be fabricated by three basic layers (1) Organic semiconductor layer (2) three-elec-
trodes (gate, source and drain), and (3) an insulating layer. Four basic types of conventional

OFETs device structures are shown in Figurel.4.

semiconductor

semiconductor

semiconductor

semiconductor

substrate

(C) (D)

Figure 1.4 Schematic diagrams of typical structure of FETs (A), (B) Bottom-gate, and (C),

(D) Top-gate.

Basically, two ohmic contacts of the source and drain electrodes are stacking together
with organic semiconductor layer and gate electrode is in contact with an insulating layer. The

density of charge carrier are formed at the insulator-organic semiconductor interface when the

10



voltage is applied to the gate electrode. It provides the conducting channel between the source
and drain.[75][88,89]

High crystalline structure of organic thin films are required for OFETs in order to obtain
high charge carrier mobility. It is possible to achieve the high carrier mobility device since the
charge transport direction is directly linking to the molecular orientation; for example, the
standing up molecular orientation and lying down molecular orientation in the system of the
active layer. In the molecular layers with standing up molecular orientation; that is, n-n stacking
direction is parallel to the substrate, in this case, device structure in Figure 1.5 could be con-
sidered as suitable device structure because charge transportation direction meets the n-w stack-
ing direction. The lying down molecular orientation, i.e, n-n stacking direction is nearly normal
or perpendicular to the substrate, in this case, different configurations as in Figure 1.6 is re-

quired to meet high carrier mobility in charge transportation process.[90]

>

semiconductor

n-1 stacking

>

Figure 1.5 Structure of conventional OFET with lateral n-r stacking direction of molecules in

organic semiconductor layer.
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n-1 stacking

semiconductor —

Figure 1.6 Structure of vertical-structure OFET (VOFET) with vertical n-n stacking direction

of molecules in organic semiconductor layer.

1.3 Importance of the growth control to enhance the performance

The growth of organic semiconductors; single crystal growth to molecular thin film
growth have been widely studied because of their application in organic electronics.[91] The
performance of the organic devices mainly depend on charge carrier transport in molecular
layers. The charge carrier transport from one molecule to another along n-molecular orbital and
related to the electron cloud splitting with its nearest molecules. The overlapping degree of
neighboring molecular orbital within packing structure determine the charge carrier transport
in organic semiconductor which turn linking to the electrical properties.[92] In semiconductor,
the electrical conductivity is the transport of the electric current density. The drift current den-
sity gt i proportional to the carrier drift velocity, carrier concentration and charge carrier. It

can be written as follows;

drift__ —
Jn —'andn—annE (11)

Jgriftz 4P Vap=9p “’pEﬁ (1.2)
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where, drift velocity for electrons vy, = — p E, [93] and drift velocity for holes vg4,= upE

n = carrier concentration of electrons, p = carrier concentration of holes, q = electric charge
carrier.
The total drift current density can be expressed as

it  ydrift Jgrift =q(np + p Hp) E (1.3)

According to Ohm’s Law, J = 6 E = E/p , where, ¢ = conductivity and p = resistivity

For n-type semiconductor, p, ~ an (1.4)

For p-type semiconductor, ~ 1.5
p-typ Po “ 0 " (1.5)

The diffusion length of the carrier can be expressed as,

LD = HnTnEa (16)

Lp=uwtpE (1.7)

Where, 1, and p, are the hole and electron drift mobility, t, and 7, are trapping lifetime of the
electrons and holes, and E is the electric field.

The charge transport properties of a deposited semiconductor layer can be determined
by the charge carrier mobility so that the charge carrier mobility is the key of the determining
factor for the performance of the organic based electronic devices. The charge carrier diffusion
and mobility of organic semiconductor strongly depends on the prepared layer structure and
orientation including grain structure of the deposited layer.[90] And randomly orientated and
oriented molecular structure (Figure 1.7) are also determining the charge transfer processes in
layers. The randomly orientated layer with disordered layer could reduce the carrier diffusion
length. The higher crystalline order with oriented layer favored to improve the exciton diffusion

length which is leading to the high performance film. [94]

13
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A

h+

Substrate
Oriented layer

Figure 1.7 Schematic illustration of organic layer structure (a) randomly oriented (b) oriented

layer on substrate.

A large charge carrier mobility is demanded for all electronic applications. It is specu-
lated that the mobility of the organic semiconductor mainly relies on the transfer integral and
reorganization energy and both of these are very important parameters in molecular packing
structure.[95,96] The transfer integral is the splitting of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) which define the distance be-
tween m-overlapping distances with neighboring molecules. The reorganization energy is the
energy loss when a charge carrier passes through a molecule and is dependent on the conjuga-
tion length, degree, and packing of the organic molecules. It is believed that the large transfer
integral and low reorganization energy turn out to be high carrier mobility.[97-100] Hence,
these two parameters which in turn depend on the molecular packing structure of the organic

semiconductors.

14



In general, it is well known that four different kinds of molecular packing structure;
Herringbone stacking without m-m overlapping between adjacent molecules, Herringbone
stacking with m-m overlapping between adjacent molecules, Lamellar 1D-m-stacking and La-
mellar 2D-m-stacking which are shown in Figure 1.8.[5][101] Most of studies in molecular
based device performance have proven that the molecular packing structure is a key role in
charge transport process. In addition to packing structure, crystallinity, orientation, grain struc-

ture and morphology are also the factors influencing the performance.[102-104]

~— TN TN T
- L
T~ TN TN TN
- L
S~ TN TN T
-

(a) ()

Figure 1.8 Four typical packing structure of conjugated molecules (a) Herringbone stacking
without -1t overlapping between adjacent molecules (b) Herringbone stacking with -1t over-

lapping between adjacent molecules (c) Lamellar 1D-m-stacking (d) Lamellar 2D-m-stacking.
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It has been speculated that internal ordering of the organic layers structure could en-
hance the charge carrier mobility. The performance of the device efficiency could be improved
by controlling the structure of semiconducting layers. In order to deposit the ordered semicon-
ducting molecular layers, many techniques have been used including solution deposition, or-
ganic molecular beam epitaxy (OMBE) and vacuum deposition and so on.[104—107] It has been
proved that the quality of the films depends not only on the preparation techniques but also
affected by the parameters like choice of substrate materials, deposition rate, layer thickness,
substrate temperature during deposition process. Moreover, surface tuning method as self-as-
sembled monolayer (SAM) which is the first prior to deposition of organic semiconductor lay-
ers have been able to improve the order of the molecular structure and morphology.[108]

The charge carrier transport as electrical properties and light absorption as optical prop-
erties of films depend mainly on the molecular packing and orientation. It has been reported

that the orientation of the « ,w-dihexyl-sexithiophene (DH6T) and a-sexithiophene (6T) could

be controlled by using Ag(111) substrate, in such case, long axis of molecules are almost nor-
mal to the substrate (upright standing) or lying down on the substrate.[109] One of the structure
controlling could be done by substrate materials and the manipulating the interface between
molecule and substrate materials. The n-conjugated based organic thin films exhibit anisotropic
properties so that the molecular orientation could be tuned.

Therefore, controlling the growth of the prepared layers and characterization of the de-
posited layers together with understanding of the structure including preferred orientation, grain
structure and morphology of the deposited organic layers support the information of how to

design and fabricate for quality controlled high-performance electronic devices.
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1.4 Growth of inorganic and organic thin films and preparation techniques for organic
layers
1.4.1 General concepts of thin film growth

Thin film growth are very important for many applications including coating and semi-
conductor devices. The physical mechanism of adsorption, surface diffusion, chemical binding
and atomic processes at surface and interface were in the process of the thin film growth. And,
deposition parameters as deposition rate, and substrate temperature effect the growth of thin
films. Generally, thin films were deposited on substrate material, and there are two modes of
growth which depend on how the relation occur between the substrate and films, homoepitaxial
growth in which crystallographic relation between the substrate and film are under epitaxial,
heteroepitaxial growth in which the relation between the substrate material and films are not
identical. Thin film growth is controlled by thermodynamics and kinetics. Three scenarios have
been described based on the growth modes depending on the interaction between surface and
interface energies. There are three different growth modes Frank-van der Merwe (layer-by-
layer), Volmer-Weber (islands), Stranski-Krastanov (layer plus islands) according to the sur-
face energies such as the substrate surface (ys), the film surface (y¢), and the surface-film inter-
face (yi). The growth modes are shown in Figure 1.9. [110,111]

The layer-by-layer growth is the 2D growth which is the one monolayer tends to be
completely covered before the next layer formed. The continuous layers with less number of
defects formed in 2D growth mode. The 2D layer-by-layer growth could be achieved for
epitaxial growth,i.e, lattice-matched materials. The Volmer-Weber growth or islands growth
is the formation of three dimensional islands. In this mode, atoms or molecules are strongly
bound to each other than to the substrate which leads to the 3D islands. In the Stranski-
Krastanov growth mode, islands are formed after forming the first few layers. In this growth

mode, a transition of growth modes 2D layer-by-layer growth to 3D islands growth happens.
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The Volmer-Weber and Stranski-Krastanov growth modes tend to form the formation of

amorphous or polycrystalline structrue.

R DR DD

OCOO000000 SOCCO000K
000 000 00 444444444 444444444

Substrate Substrate Substrate

(a) Frank-van der Merwe (layer-by-layer)

. b dh AR

Substrate Substrate

(b) Volmer-Weber (islands)

Substrate Substrate Substrate

(¢) Stranski-Krastanov (layer plus islands)

Figure 1.9 Schematic illustration of the growth modes: (a) Frank-van der Merwe (layer-by-

layer), (b) Volmer-Weber (islands), (c) Stranski-Krastanov (layer plus islands).

Heteroepitaxial growth is crucial for fabricating semiconductor devices. The lattice
relation between the deposited film and substrate determine the quality of the films. For
example, inorganic thin film of ZnO were prepared on Au(111) and the lattice mismatch
between film and substrate is (1x1)ZnO(0001)[1120]//(1x1)Au(111)[110] 12.7%. This film
showed randomly oriented ZnO layer with poor performance. The quality of the thin film could
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be improved by controlling the substrate with lattice matching. The ZnO film prepared on
Ga:ZnO film with the lattice relation of (1x1)ZnO(0001)[1120]/Ga:ZnO(0001)[1120] in
mismatch 0.8%. That improved ZnO films showed the (0001) oriented ZnO with good
performance.[112] Hence, the interface between the film and substrate material in order to get

the good quality film could be controlled by substate materials.

1.4.2 Preparation techniques for organic semiconductors and organic thin film growth

Organic semiconductors have different kind of properties and it has been used in wide
range of applications; conductive coatings, flexible light sources and displays, low-cost printed
integrated circuits, and plastic solar cells. Generally, organic semiconductors can be divided
into two major classes: conjugated polymers and conjugated low-molecular weight materials
(small-organic molecules). Since chemical properties of these materials are different, two major
processing methods were performed in order to form organic thin films; solution-processed
deposition and dry-processed deposition.

Polymeric macro-molecules are composed of repetition of monomer, and they are sol-
uble in organic solvents so that they can be deposited by solution process. For example, the
alkyl-substituted polythiophenes, poly(3-hexylthiophene) (P3HT) is a type of highly soluble
polymer in a various kind of organic solvents [28] and those kinds of soluble polymers have
been prepared by solution process (also called wet processing) such as spin-coating, dip-coating,
drop coating, screen printing, inkjet-printing and so on.

There are two sub-group of small-organic molecular materials; pigments which are in-
soluble in organic solvents, and dyes which are soluble. In the case of deposition of small or-
ganic molecules, since most of small-organic molecules are insoluble in organic solvent, they
are deposited by dry processes as thermal vacuum evaporation or thermal sublimation in vac-

uum. The promising materials and widely studied of small-organic molecules are pentacene,
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sexithiophene and copper phthalocyanine. Whatever, it is still challenging the controlled growth

of organic semiconductor layers by using solution process or vacuum process.

Organic Thin Film Growth

Organic thin film growth exhibit different growth behaviors as compared to the inor-
ganic thin film growth. Inorganic semiconductors are composed of covalent bonding between
neighboring atoms while organic semiconductors are established by weak van der Waals forces
between molecules. Hlawacek et.al demonstrated that the additional effects of organic thin film
growths which are not observed in atomic inorganic growth. [113]

Organic molecules are anisotropic objects and which have internal degrees of freedom
including the orientational degree of freedom and the vibrational degree of freedom. The ori-
entational degree of freedom (Figure 1.10) which is a new phenomenon because the orientation
of molecule may change during the growth, for instance, the long axis of molecules almost
upright position on the substrate, and the long axis of molecules almost lying down position.
One of the difference between inorganic and organic thin film growth is that this qualitative
phenomenon of orientational degree of freedom are not included in metal or inorganic thin film
growth. The vibrational degree of freedom effect to the diffusion behavior of molecules on the
substrate surface, and the interaction between substrate and deposited layer.[114]

Another point of difference between organic thin film growth and inorganic film growth
is that interaction potential. The interaction between molecules, in such case, van der waal
interaction in molecule-molecule, and atomic absorption between substrate-molecule interac-
tion which are different. A close lattice matching is required for conventional inorganic semi-

conductor thin films growth due to avoid the high density of misfit dislocations. Contradictory
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to inorganic growth system, it has been found that the crystalline order can be achieved in or-

ganic growth system even though the molecule and substrate materials mismatch are highly

Substrate

///

Substrate

(b)

different.

Substrate

(©

Figure 1.10 Schematic illustration of organic thin film growth (a) upright position (b) almost
standing position with the orientational degrees of freedom (b) lying down position on the sub-
strate.

The size differences between unit cells of the molecules and substrates which can cause
the low-symmetry structure with multiple domains.[111] The surface of the substrate with dan-
gling bonds limited the diffusion and this may lead to disorder film formations because the

molecules may dissociate.
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1.5 Organic Semiconductor Materials investigated in this work

In this thesis, we examined the growth and characteristics of the vacuum-evaporated
donor and acceptor type organic molecules of 2,7-dioctyl[ 1 [benzothieno[3,2-b][1] benzothio-
phene (C8-BTBT) and N,N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) on single
crystal substrates. Both of these molecules compose of conjugated core and alkyl side chains.
Donor type: 2,7-dioctyl[1]benzothieno[3,2-b][1] benzothiophene (C8-BTBT)
Acceptor type: N,N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8)

The choice of C8-BTBT and PTCDI-C8 molecules is motivated by the reason of they
are promising materials to be used in optoelectronics devices and high carrier mobility values
have been obtained. The chemical structure of C8-BTBT and PTCDI-C8 are shown in Figure

1.11.

S
CaHy7 O \ O CgHyy

S

(a) (b)

Figure 1.11 The chemical structures of small conjugated molecules (a) 2,7-dioctyl[1]ben-
zothieno[3,2-b][1]benzothiophene (C8-BTBT), and (b) N,N'-dioctyl-3,4,9,10-perylenedicar-

boximide (PTCDI-C8).
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2,7-dioctyl[1]benzothieno[3,2-b][1] benzothiophene (C8-BTBT)
2,7-dioctyl[1]benzothieno[3,2-b][ 1] benzothiophene is a member of BTBT derivatives
and it is one of the promising materials to be used in electronic devices. The empirical formula
Cs0 Hao Sy with a formula weight 464.77 g/mol and the melting point is at 108-112 °C. This
molecule consists of a one BTBT core and two alkyl chains with a lamella-like alternating
structure which is shown in Figure 1.12. It is monoclinic lattice structure with a space group of

P2,/a.[115] The crystallographic unit cells of C8-BTBT are shown in Table 1.2.

Table 1.2 Crystallographic unit cells of C§-BTBT

a (nm) b (nm) ¢ (nm) a (deg) B (deg) v (deg)

C8-BTBT | 0.5927 0.788 2918 90 92.443 90

Figure 1.12 Molecular packing structure of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-

phene (C8-BTBT), (a) ball and stick structure, (b) space filling structure.
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N, N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-CS)
N,N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-CS8) is one of the perylene deriv-
atives and has been used in active layer of electronic and optoelectronic applications. The chem-
ical formula is C49 Haz N> O4 with a molecular weight of 614.77 g/mol and the melting point is
above 300 °C. This molecule is composed of a perylene core and two alkyl side chains with
herringbone crystal structure. A schematic diagram of PTCDI-C8 is shown in Figure 1.13. It
belongs to triclinic lattice structure with space group P1. The crystallographic structure of
PTCDI-CS has been characterized by A. L. Briseno et.al.[116,117] The structure of PTCDI-C8
parameter slightly altered according to the phase of thin film or bulk. The crystallographic data

of both types are given in Table 1.3.

Table 1.3 Crystallographic unit cells of PTCDI-C8 thin film and bulk structure

a (nm) b (nm) ¢ (nm) a (deg) B (deg) v (deg)
PTCDI-C8 | 0.900 0.489 2.165 95 100.7 112.8
(Thin film)
PTCDI-C8 | 0.850 0.468 1.972 88.43 94.01 97.21
(Bulk)
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Figure 1.13 Molecular packing structure of N,N'-dioctyl-3,4,9,10-perylenedicarboximide

(PTCDI-C8), (a) ball and stick structure, (b) space filling structure.
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1.6 Growth of organic molecules C8-BTBT and PTCDI-C8

This work mainly focuses on the fabrication and growth of conjugated small-organic
molecular based materials by vacuum thermal evaporation technique. Vacuum thermal evapo-
ration can be used to deposit the small-organic semiconductor materials which are insoluble in

organic solvents. Figure 1.14 shows the vacuum evaporation system used in this work.

Figure 1.14 Vacuum Thermal Evaporation System

Vacuum evaporation take place inside the bell jar and are equipped with a turbo-molec-
ular pump and oil free scroll pump for evacuation process. The filament which acts as heating
up for the source materials, and crucible, sensor head and substrate holder are installed inside
the vacuum chamber. Water cooling pipes are equipped to the chamber externally. For con-

trolling the evaporation process of thickness and deposition rate during deposition, the quartz
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crystal microbalance sensor is equipped between the crucible and shutter and connect with con-
troller. When the current applied to source materials through filament under vacuum, the evap-
orated materials is deposited on the substrate which is placing upside down position on the
substrate holder. Vacuum thermal evaporation technique offers to control the formation of thin
film by the deposition parameters; such as deposition rate, substrate temperature, and layer
thickness. The vacuum evaporation technique is capable of precise control of the film thickness
and producing the multilayer thin films.

The surface state of the deposited layers is strongly influenced by the thin-film growth,
including the choice of the substrate materials and substrate temperature, flux density and the
rate of the deposited materials and so on. The growth of organic thin film directly influences
the properties of organic semiconductors such as absorption, charge carrier mobility and energy
levels, etc. High charge carrier mobility have been obtained by controlling the organic thin film
growth, and minimize the defect concentration and grain boundaries. Since film structure in-
cluding molecular ordering, orientation, morphology, roughness and defect densities are con-
sequence of the growth, manipulation and engineering of the film growth become indispensable.
And, it is also needed to understand the mechanisms for the growth of organic films to optimize
the film structure. The kinetic and thermal properties of molecules during deposition process,
the driving forces, interaction between surface and interfaces, etc., and these factors impact the

growth and nucleation of deposited molecules.
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1.7 Design of the growth of the C8-BTBT and PTCDI-C8

In this thesis, C8-BTBT and PTCDI-C8 have been used as an organic semiconducting
materials and it is required to understand the growth and structure of these organic molecules
by vacuum thermal evaporation on single crystal substrates. In the growth of molecular thin
films, the orientation of the molecules in single layer, bi-layer and multilayers with respect to
substrate depends mainly on the molecule-substrate interaction or molecule-molecule intermo-
lecular interaction. The role of substrate type strongly influence on the interface between sub-
strate-molecule, and on the growth of organic layers. Therefore, characterization of the layer
structure of the organic semiconductor with respect to substrate material and understanding of
the molecular packing structure in prepared layers are important role to determine the optical
properties as light absorption, and electrical properties as charge carrier transport. It is also
evidence that deposition parameters effect the growth of organic semiconductors.

In this study, we designed the heteroepitaxial growth of n-conjugated organic semicon-
ductors on quartz glass, (1120) A-, (0001) C-, and (1102) R-single crystal Al,Os (sapphire), and
(100)-, and (111)-single crystal MgO substrates by vacuum thermal evaporation. These layers
were deposited with different layer thickness and different substrate temperature. The influence
of substrate materials, layer thickness and substrate temperature has been investigated for struc-
tural properties, optical properties of light absorption and electrical properties of the deposited
organic layers. Understanding the structure and controlling the grain structure of deposited mol-

ecules on substrates could be an effective way to progress in organic electronic devices.
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1.8 Research objectives

Our research work is focusing on heteroepitaxial growth of organic layers on single
crystal substrates which are of interest as this structures and configurations are applied in or-
ganic based electronic devices. The development of organic electronics mainly depends on the
optical and electrical properties of the prepared organic layers. Low crystallinity and random
orientation of the prepared layer limit the carrier mobility. On the other hand, organic based
devices require highly ordered structure of crystalline properties with preferred orientation. The
choice of substrate type has made possible to control the structure and morphology of the or-
ganic layers. And also, deposition parameters as layer thickness and substrate temperature were
also possible to control the structure of layers including morphology, grain structure and surface
roughness. Therefore, characterization of the growth and structure of the organic layers is cru-
cial for performance of devices. Several information including the following points are required

for the field of organic based applications.

e To investigate the structure and morphology of heteroepitaxial growth of organic sem-
iconductor molecule C8-BTBT on inorganic single crystal aluminum oxide and magne-

sium oxide substrates with various orientations.

e To investigate the structural, morphological, optical and electrical properties of C8-
BTBT organic layer on single crystal C-sapphire substrate with the effect of layer thick-

ness and substrate temperature.

e To investigate the growth, structure and optical characteristics of vacuum evaporated
PTCDI-C8 layer on single crystal substrates of A-, C-, R- sapphire, and (111)-MgO,

and (100) MgO substrates.
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e To investigate the surface state and morphology of the bi-layer structure of C8-BTBT

and PTCDI-CS by different stacking sequences.

The overall objective of this thesis is to investigate and control of interfaces between

organic—organic and organic-single crystal substrate in order to improve the performance of

organic devices.

30



1.9 Outline of this study

In this thesis, we study the growth of m-conjugated organic molecules 2,7- dioctyl[1]
benzothieno[3,2-b]benzothiophene (C8-BTBT) and N,N’-dioctyl-3,4,9,10-perylenedicar-
boximide (PTCDI-CS8) deposited on single crystal sapphire and MgO substrates. The designing
of the molecular layers with preferred orientation has been prepared by using vacuum thermal
evaporation technique. The dependence of optical and electrical properties on the structure and
morphology of organic molecular layers were demonstrated. Moreover, the effect of layer thick-
ness and substrate temperature variation on the structure and morphology of deposited molec-
ular layers were described. The structure of the organic layer strongly impacts on the optical
and electrical properties of the devices. Since the molecular based electronic devices perfor-
mance is mainly rely on the deposited organic layers, understanding the formation of layer, i.e
structure, which optimize the future progress of the technology of electronic and optoelectronic
molecular based devices.

Chapter two gives the growth of p-type organic semiconductor 2,7-dioctyl[1]ben-
zothieno[3,2-b]benzothiophene (C8-BTBT) on quartz glass, (1120) A-, (0001) C-, and (1102)
R-single crystal Al,O; (sapphire), and (100)-, and (111)-single crystal MgO substrates by vac-
uum thermal evaporation. The morphology and structure of C8-BTBT layers on single crystal
substrates with various orientations were investigated by atomic force microscopy (AFM) ob-
servations and X-ray diffraction (XRD) analysis. The growth of C8-BTBT on single crystal
substrates shows that molecule-molecule interaction is stronger than the molecule-substrate in-
teraction according to m-n-stacking-induced molecular ordering with (001) out-of-plane orien-
tation development regardless of substrate material and orientation.

In chapter three, organic semiconductor 2,7-dioctyl[1]benzothieno[3,2-b] benzothio-
phene (C8-BTBT) were deposited only on a single crystal (0001)Al,03 (C-sapphire) by vacuum

thermal evaporation. The effects of layer thickness and preparation temperature on structural,
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morphological, optical and electrical characteristics were investigated by X-ray diffraction
analysis, atomic force microscopy observation, optical absorption measurement, and resistivity
measurement with and without light irradiation. C8-BTBT layers on C-sapphire substrate show
(001) out-of-plane orientation irrespective of the preparation conditions; layer thickness and
substrate temperature. The C8-BTBT layer was formed by the growth of (001)-C8-BTBT is-
lands in direction parallel to the substrate surface and then the growth in direction normal to the
substrate surface after the formation of the continuous layer.

In chapter four, the growth of vacuum evaporated N,N'-dioctyl-3,4,9,10-perylenedi-
carboximide (PTCDI-CS8) layers on single crystal Al,Os; and MgO substrates with various ori-
entations were investigated by X-ray diffraction analysis and atomic force microscopic obser-
vation. The optical band gap energy was estimated from optical absorption spectra. The growth
of the PTCDI-CS8 was governed by the n-n stacking like the C8-BTBT growth.

Chapter five presents the fabrication of bi-layer structure with different stacking se-
quence of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) and (001)-N,N' di-
octyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) on (0001) Al,O; (C-sapphire) substrate by
vacuum thermal evaporation. The orientation, morphology and surface state of vacuum evapo-
rated bi-layers of C8-BTBT and PTCDI-C8 on C-sapphire substrate were investigated by X-
ray diffraction and scanning probe microscopy (SPM). The stacking sequence strongly affected
to the morphology and surface potential of the bi-layer C8-BTBT and PTCDI-CS layers.

Finally, chapter six gives a short summary of the results observed from our experiments.
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CHAPTER 2

Growth of C8-BTBT molecules on inorganic single crystal substrates with

various orientations

2.1 Introduction

The electronics of organic thin-film transistors (OTFTs), organic photovoltaic devices
(OPVs), and organic light-emitting diodes (OLEDs) have attracted increasing attention for in-
dustrial use.[1-5] Structural characteristics including the preferred orientation and grain struc-

ture strongly affect the performance of electronics[6-8] and have been controlled by adjusting
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the conditions of growth e.g., a heteroepitaxial growth including the substrate material and ori-
entation.[9-11]

The m-conjugated molecule of [1]benzothieno[3,2-b]benzothiophene (BTBT) deriva-
tives, 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT), has recently attracted
much attention owing to its high charge carrier mobility of ~1-170 cm”* V™' s ,[12, 13] and
single-crystal- and thin-film-based electronics could be grown with a well-ordered struc-
ture.[14-22] In this chapter, the detailed study of the growth of the C8-BTBT layer on orienta-
tion-controlled single-crystal inorganic substrates supports the use of organic electronics.

The main purpose of this work is that characterization of structural relation between -
conjugated semiconductor C8-BTBT layers and single crystal inorganic substrates. We inves-
tigated the structure and preferred orientation of C8-BTBT layers formed by vacuum thermal
evaporation on quartz glass, A-, C-, and R-single-crystal aluminum oxide (sapphire), and (100)-,
and (111)-MgO substrates by X-ray diffraction analysis, atomic force microscopy (AFM) ob-
servation, and resistivity measurement by the van der Pauw method. And, organic layer struc-

ture-property relation is investigated.
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2.2 Experimental procedures

100-nm-thick C8-BTBT (Sigma-Aldrich, 99% purity) layers were deposited at a sub-
strate temperature of 343 K at a pressure of around 4 x 10~ Pa on quartz glass, single-crystal
substrates, namely, (1120)-A1,03; (A-sapphire), (0001)-Al,O3 (C-sapphire), and (1102)-Al,0;
(R-sapphire), and (100)-MgO and (111)-MgO substrates using a vacuum thermal evaporation
system (ULVAC VTS-350ERH/M) equipped with a turbomolecular pump and an oil-free scroll
vacuum pump. Prior to the deposition, the substrates were annealed in air for 1 h at 1200 C for
sapphire substrates and 1100°C for MgO substrates. The thickness and deposition rate were
controlled using a quartz crystal deposition control system (ULVAC CRTM- 6000G).

X-ray diffraction (XRD) measurements were carried out using a conventional 6/26 scan-
ning technique with monochromatic Cu Ka radiation (Rigaku RINT 2500) and a two- dimen-
sional (2D) imaging plate detector with monochromatic Cu Ko radiation (Rigaku RINT-Rapid
IT). XRD patterns were recorded at 20 angles ranging from 5 to 35°. The morphology was ob-
served in air by atomic force microscopy (AFM; Shimadzu SPM-9700-Kai). The electrical
resistivity was estimated with a Hall effect measurement system (Toyo Technica Resitest 8310)

by the van der Pauw method at room temperature.

2.3 Results and discussion

2.3.1 Effects of the substrate materials on the preferred orientation of the C8-BTBT layers
In order to understand the effect of substrate material on the growth of C8-BTBT mol-

ecules, firstly, deposited layers were characterized by XRD analysis. Figure 2.1 shows out-of-

plane XRD patterns of 100-nm-thick C8-BTBT layers on quartz glass, A-, C-, and R-sapphire,

and (100)- and (111)-MgO substrates, and of C8-BTBT powder. Periodic weak peaks could be

observed from 6.1° (each at approximately 3°) and were assigned as (00n) (n =2, 3, 4, ....) of

the C8-BTBT layers with the characteristic monoclinic lattice, in addition to the broadened peak
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of quartz glass and strong sharp peaks of sapphire and MgO substrates. The (001) diffracted X-
ray peak at approximately 3° could not be detected in this measurement because of the instru-
mental limitation. The sharp and intense peaks originating from (002) and (003) were observed
for all the C8-BTBT layers, indicating the development of the (001) out-of-plane orientation,
irrespective of the substrate material and orientation. Since the diffracted (002) peak could be
observed at 6.17° for quartz glass, 6.10° for MgO(100) and MgO(111), and 6.11, 6.12, and
6.13° for A-, R-, and C-sapphire substrates, respectively, the d-spaces of the (002) plane were
almost the same for all the substrates. In accordance with the (001) out-of-plane orientation,
the herringbone arrangement of the C8-BTBT molecules with the standing-up position in the
direction nearly normal to the substrate surface was predominant on all the substrates. The d-

space was calculated from well-defined diffraction peaks using Bragg’s equation,

n7\,=2dhklsin9, (2 1)

where A is the wavelength of the X-ray beam (0.154059 nm), the d-space is the interlayer sep-
aration, and 0 is the Bragg angle of the lattice planes with respect to the incident X-ray beam.
The C8-BTBT layer possesses a monoclinic lattice with a=0.5927 nm, b=0.788 nm, ¢ =2.918
nm, and B = 92.443°. The d-space of the (002) plane was calculated to be 1.45-1.43 nm from
the experimental values of 6.10-6.17° and was close to that calculated from the standard val-
ues.[23] The lattice relationship between the C§8-BTBT layer and the substrates was expressed
as (001) cs-prer//(1120)a103, (001) cs-prRT// (0001) ARO3, (001) C8-BTRT// (1102)A103, (001) Cs-

BTBT// (100) MgO» and (001) C8-BTBT// (1 1 1) MgO-
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Figure 2.1 X-ray diffraction patterns of C8-BTBT layers prepared on (a) quartz glass, (b) C-
Sapphire, (c) A-Sapphire, (d) R-Sapphire, and (e) (100)-MgO, (f) (111)-MgO substrates and (g)

of C8-BTBT powder.

The intensity of the (002) plane differed depending on the substrate material, in spite of
the constant thickness of 100 nm. A strong (002) peak was observed for the sapphire substrates
irrespective of the orientation; such a peak was stronger than those for quartz glass and MgO
substrates. The full width at half maximum (FWHM) was determined to be 0.081° for sapphire
substrates and 0.11° for quartz glass and MgO substrates.

Figure 2.2 shows the XRD patterns of C8-BTBT layers prepared on quartz glass, C-

and A-sapphire, and (100)-MgO substrates. The two dashed lines in Figure 2.2(a) show the 20

angle corresponding to the horizontal axis in Figure 2.1 and B-rotation. The C8-BTBT layer
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prepared on the quartz glass substrate showed a broadened ring originating from the amorphous
glass structure and two spots presented by arrow (1) at 20 angles of approximately 6° and 9°,
which corresponded to the (002) and (003) C8-BTBT planes shown in Figure 2.1, respectively,
in addition to six weak peaks presented by arrow (2). Similar spot patterns shown by arrows
(D and (2) could be observed for all C8-BTBT layers, irrespective of the substrate material and
orientation, although the intensity of spots (2) increased. The X-ray diffraction patterns indi-
cated that (001) out-of-plane orientations with similar in-plane orientations formed for all the

C8-BTBT layers, irrespective of the substrate material and orientation.

(a) 20 . (b)

(©) “ (d)

Figure 2.2 Imaging plate-XRD patterns of C8-BTBT layers prepared on (a) quartz glass, (b) C-

Sapphire, (¢) A-Sapphire, and (d) (100)-MgO substrates.
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Figure 2.3 Schematic illustration of lattice relationship between (0001) plane of Al,O, and

(001)-plane of C8-BTBT.

Figure 2.3 shows the schematic illustration of the lattice relationship between the C8-
BTBT(001) and Al,03(0001) planes. Al,Os; has a hexagonal lattice with unit-cell parameters
0f 0.47589 nm in the a-axis and 1.2991 nm in the c-axis,[24] and MgO has a cubic lattice with
a unit-cell parameter of 0.4213 nm.[25] The lattice mismatch was estimated to be approxi-
mately -24 and 4% on the a- and b-axes of C8-BTBT for the lattice relationship (001)cs-sraT //
(0001)an03, approximately -24 and -21% on the a- and b-axes of C8-BTBT for the lattice rela-
tionship (001)cs-sraT // (1120)A1203, and approximately -40 and 6.5% on the a-and b-axes of C8-
BTBT for the lattice relationship (001)cs-grar / (100)Mme0, respectively. The lattice mismatch

varied in a wide range depending on the substrate material and orientation, but it did not affect
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the molecular arrangement of the C8-BTBT layer as demonstrated by the obtained similar pre-
ferred orientation that did not depend on the substrate material and orientation. Many diffracted
X-ray peaks could be observed for the XRD pattern of the C8-BTBT powder shown in Figure
2.1 (g), and all the peaks were assigned as (00n) (n=1,2,3, ....) planes of C8-BTBT, indicating
molecular ordering in the b-axis induced by the formation of the C8-BTBT aggregate by m-m-
stacking even in the powder form. The molecular ordering by m-n-stacking resulted in the

formation of the (001) out-of-plane orientation for all the C8-BTBT layers.

2.3.2 Grain structure of the C8-BTBT layers prepared on the single crystal substrate
The grain structure and morphology of single crystal substrates and vacuum-evapo-
rated-C8-BTBT layers were observed by AFM. Figure 2.4 shows AFM images of the surfaces
of bare quartz glass, C-sapphire, and (100)-MgO substrates. Microscratch-like irregularity and
undulation were observed on the surface of the quartz glass substrate, and the surface roughness
(R,) was estimated to be 0.70 nm from the AFM image. Periodic steps around 0.45 nm in height
were observed for the C-sapphire substrate, and R, was estimated to be 0.099 nm. A small
granular irregularity was observed over the surface of the (100)-MgO substrate, and R, was

estimated to be 0.884 nm.

000 e 0.00  ‘——eeees
0 x 20.00 um 10.00 pm 20.00 x 20.00 pm 10.00 pm 20.00 x 20.00 pm

0.00

Figure 2.4 AFM images of the surface of (a) quartz glass, (b) C-sapphire, and (c) (100)-MgO

substrates.
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Figure 2.5 shows AFM images of the surfaces of C8-BTBT layers prepared on quartz
glass, C-sapphire, and (100)-MgO substrates. The C8-BTBT layers were composed of aggre-
gates of granular grains, irrespective of the substrate material. The grain size was estimated to
be 0.83, 1.25, and 0.55 um for quartz glass, C-Sapphire, and (100)-MgO substrates, and R, was
estimated to be 4.4, 10.6, and 13.4 nm for quartz glass, C-sapphire, and (100)-MgO substrates,
respectively. All the C8-BTBT layers exhibited the (001) out-of-plane orientation with a sim-
ilar in-plane orientation, but the intensity of the (002) peak and the FWHM differed depending
on the substrate material, irrespective of the orientation. Although it was speculated that the
(001) out-of-plane orientation was governed by the n-n-stacking of C8-BTBT molecules, the

degree of such orientation was reflected slightly by the grain structure.

226.53
[nm]
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Figure 2.5 AFM images of the surface of C8-BTBT layers deposited on (a) quartz glass, (b) C-

sapphire, and (c) (100)-MgO substrates.

The resistivity of 100-nm-thick C8-BTBT layers was estimated to be 2.7 x 10°, 4.13 x
10°, and 5 x 10° Q cm for quartz glass and A- and C-sapphire substrates, respectively. The
resistivities could be considered as almost the same for C8-BTBT layers regardless of the sub-

strate type, because of almost the same preferred orientation and grain structure. The carrier
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concentration and mobility could not be estimated by the technique used in this study; this

problem has already been reported.[26, 27]

2.3.3 Tentative growth model of the C8-BTBT layer on single crystal substrates

The C8-BTBT molecules were preferably to grow the standing up configuration on the
sapphire and MgO substrates irrespective of the orientation of the substrate materials. Accord-
ing to XRD results, the C8-BTBT layers showed good crystallinity on the single crystal sub-
strates than those on the amorphous substrate, quartz glass. Figure 2.6 shows the schematic
illustration of C8-BTBT layer growth on the substrates. The tentative growth model of C8-

BTBT on single crystal substrates was proposed based on our experimental results.

y 4
E

Figure 2.6 Schematic illustration of formation of C8-BTBT layer on inorganic single crystal

substrates.

It was reported for inorganic semiconductors such as oxides that the lattice relationship

including the lattice mismatch strongly affected the growth of the oxide layer, as demonstrated
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for the <0001>-ZnO layer growth on <111>-Au [28, 29] and <0001>-Ga:ZnO layers[30].[31]
However, the atomic arrangement and lattice mismatch did not affect the growth of the C8-
BTBT layer, and (001) preferred orientation was obtained regardless of the material and orien-
tation. The C8-BTBT layer formed a continuous layer with the growth of the C8-BTBT island
in the direction parallel to the substrate surface and then transferred to layer-by-layer growth in
the direction normal to the substrate surface in the case of the C-sapphire substrate.[32] The
C8-BTBT aggregate bounded by m-mt-stacking reached the substrate in the evaporation process
and then diffused on the surface. There are steps periodically formed on the surface of the C-
sapphire substrate, and the diffused C8-BTBT molecules were stopped by the steps resulting in

the formation of C8-BTBT islands with (001) out-of-plane orientations.

2.4 Conclusions

The organic molecule 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)
was deposited on quartz glass, (1120) A-, (0001) C-, and (1102)R-single-crystal Al,Os (sap-
phire), and (100)- and (111)-single crystal MgO substrates by vacuum thermal evaporation. The
(001) out-of-plane orientation with a similar in-plane orientation was obtained irrespective of
the substrate material and orientation, and its formation was governed by n-n-stacking-induced
molecular ordering. The degree of orientation was reflected by the grain structure related to the
substrate material. The growth model of the oriented C8-BTBT layer was speculated on the
basis of experimental results. The results demonstrated here show the importance of molecular
ordering in controlling the preferred orientation of C8-BTBT molecules, although further in-

vestigation of the growth is required.
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CHAPTER 3

Growth and characteristics of C8-BTBT layers on C-sapphire substrate by

thermal evaporation

3.1 Introduction

The m-conjugated organic semiconductors have been technologically great impact in
fields of organic electronics; organic thin layer transistors (OTFT), organic field effect transis-
tors (OFETs), organic light-emitting diodes (OLEDs), and organic photovoltaics (OPVs).[1-4]

The electrical characteristics including the charge transportation property[5,6] strongly affects
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the performance of electronic devices and relates to the structure, molecular orientation, mor-
phology[7], grain size, and defect density of organic semiconductor layers.[8,9] The surface
defects such as steps and vacancies of the underlying substrate could influence the structure of
the molecular ordering and subsequent growth of the organic layers.

Molecular semiconductor of m-conjugated core with two octyl chains, 2,7-dioc-
tyl[1]benzothieno[3,2-b][1]benzothiophenes (C8-BTBT) is one of the promising semiconduct-
ing materials for fabricating the organic electronic devices because of their high mobility value
of 31.3 and 43 cm®V™'s™.[10,11] The C8-BTBT layer has been prepared by several techniques
of organic molecular beam evaporation, inkjet printing, and spin-coating method, and the mo-
bility value changed depending on the preparation techniques.[9,11-12] Furthermore, the ori-
entation of C8-BTBT molecules changed depending on the substrate materials of graphene,
boron nitride, and Si0,/Si.[11,13-14] However, the growth of C8-BTBT molecules on single
crystal sapphire substrate appropriate to consider the structural relation between the organic
layers and single crystal substrate have not been reported yet. The C8-BTBT layer growth still
remains rich subject to be better understanding of the linkage between the structural properties
and electrical properties of C8-BTBT active layer.

In this chapter, we prepared (001)-orientated C8-BTBT layers on a single crystal AL,O;
(C-sapphire) substrate by a vacuum thermal evaporation. The structural, optical and electrical
properties were investigated with X-ray diffraction (XRD), atomic force microscopy (AFM),
optical absorption spectra measurement, and van-der-Pauw method to make the growth process
clear. The main purpose of this study is that examining the effects of the layer thickness and

preparation temperature on the structural, morphological, optical and electrical properties.
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3.2 Experimental procedures

Organic semiconductor layers of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT) were prepared on a (0001) [1120] Al,Os single crystal (C-sapphire) substrates at
thickness ranging from 5 to 100 nm and preparation temperatures of 300 K, 343 K and 373 K
by a vacuum thermal evaporation. The C8-BTBT powder (99% purity, Sigma-Aldrich) was
used as a source material in the vacuum evaporation system (ULVAC, VTS-350ERH/M) con-
nected with turbo molecular pump and oil-free scroll vacuum pump. The one side polished C-
sapphire substrates were annealed in air at 1200 C for 1 hr. The preparation was carried out in
the pressure around 4 x 10~ Pa, and C8-BTBT layers were deposited in the thickness ranging
from 5 to 100 nm at a constant deposition rate 0.1 nm/s and preparation temperatures 300 K,
343 K, and 373 K. The deposition rate was monitored by a quartz crystal oscillator sensor in a
vacuum evaporation system (ULVAC, CRTM- 6000G). The thickness of the C8-BTBT layers
were determined by using a surface profiler measurement system (ULVAC, DekTak150).

Conventional out-of-plane X-ray diffraction were performed by a 6/26 scanning tech-
nique using Rigaku RINT 2500 X-ray diffractometer at monochromatic CuKa radiation oper-
ated at 20 kV, 10 mA with a wavelength (A = 0.154059 nm). X-ray diffraction spot patterns
were recorded by using 2D imaging plate detector with monochromatic CuKa radiation using
Rigaku RINT- Rapid II. Surface morphologies were observed by an atomic force microscopy
(AFM, Shimadzu, SPM-9700 Kai) in non-contact mode in air. Absorption spectra measure-
ments were performed using a UV-VIS-NIR spectrophotometer (HITACHI, U4100) with a ref-
erence of (0001) C-sapphire bare substrate. Electrical properties were measured by using van-
der-Pauw method at room temperature (Toyo Technica, Resitest 8310) with and without

AM1.5G (air mass global condition) light irradiation (Asahi Spectra, HALC100).
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3.3 Results and discussion

3.3.1 Orientation of the C8-BTBT layers prepared on the C-Sapphire substrate

Figure 3.1 shows out-of-plane X-ray diffraction patterns (A) for 5, 10, 15, 50 and 100-
nm-thick C8-BTBT layers prepared on C-sapphire substrate at 300 K, (B) for 100 nm-thick
layers prepared at 300, 343, and 373 K, and (C) the dependence of the FWHM values on the
thickness. Two peaks were observed at around 6.1 and 9.1 degrees on X-ray diffraction patterns
irrespective of the layer thickness and preparation temperature. These two peaks could be iden-
tified as (002) and (003) planes of the C8-BTBT layer with the characteristic monoclinic lattice.
The (001) out-of-plane orientation was developed irrespective of the preparation temperature.
The peak intensity increased with increase in layer thickness keeping almost constant intensity
ratio. The peak angle of (002) peak showed almost constant value of 6.1 degree regardless of
the layer thickness and preparation temperature. The FWHM value drastically decreased from
0.3 ~ 0.6 degree to 0.1 degree with increase in layer thickness from 5 nm to 50 nm and then
showed almost constant value. The FWHM value relates to the grain size and heterogeneous
strain, and the decrease in FWHM value gives increase in the grain size and/or decrease in the
heterogeneous strain.

Figure 3.2 shows the X-ray diffraction patterns recorded by the imaging plate for an-
nealed bare C-sapphire substrate with the radial and circumferential directions represent by the
20 and 3 angles and 100-nm-thick C8-BTBT layers deposited at 300 and 343 K. Many diffrac-
tion spots could be observed on the XRD image for 100 nm-C8-BTBT layers in addition to the
spots observed for bare C-sapphire substrate. Similar spot pattern represented by arrow(1) and
(2) could be observed irrespective of the layer thickness and preparation temperature, and two
diffraction spots represented by arrow(1) were identified as (002) and (003) planes of C8-BTBT

layer. Debye ring could not be observed on the XRD image irrespective of the layer thickness
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and preparation temperature. The out-of-plane XRD represented in Figure 3.1 showed the for-
mation of the (001) out-of-plane preferred orientation, and the similar spot patterns suggested
that the preferred orientation including the in-plane orientation was almost the same, although

it was difficult to estimate quantitatively.
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Figure 3.1 X-ray diffraction patterns (A) 5 (a), 10 (b), 15 (c), 50 (d), 100-nm-thick-C8-BTBT
layers (e) prepared on C-sapphire substrate at 300K and (B) 100-nm-thick layers prepared at

(1)300, (ii) 343 and (iii) 373K, and (C) the dependence of the FWHM values on the thickness.

The C8-BTBT possessed the monoclinic lattice with lattice constants of 0.5927 nm in

a-axis, 0.788 nm in b-axis, 2.918 nm in c-axis, and 92.443 degree in B-angle, [15] and ALLO;
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possessed the characteristic hexagonal lattice with lattice constants of 0.47589 nm in a-axis,
and 1.2991 nm in c-axis. [16] The lattice mismatch was estimated to be -24.5 % along a-axis,
and +4% along b-axis for the lattice relationship of (001)[100]C8-BTBT//(0001)[1120]AL,Os.
The (001)-out-of-plane orientation was developed for the C8-BTBT layer on C-sapphire sub-

strate inspite of the large lattice mismatch.

(b)

(a)

Figure 3.2 X-ray diffraction patterns recorded for (a) bare C-sapphire substrate, and 100-nm-
thick C8-BTBT layers deposited on C-sapphire substrate (b) at 300 K, and (c) at 343 K with

imaging plate.

66



The spot pattern suggested that the C8-BTBT layers possessed an in-plane orientation
in addition to the (001)-out-of-plane orientation and a lattice relationship to the C-sapphire sub-
strate, in spite of the large lattice mismatch. It was difficult to decide the in-plane lattice rela-
tionship with X-ray diffraction techniques used in this study due to the characteristic monoclinic
lattice of the C8-BTBT and difficulty in the precise analysis, resulting in not being able to
identify whether the C8-BTBT layer was a single crystal or polycrystalline with the (001)-out-

of-plane orientation and not identified in-plane orientation.

3.3.2 Growth of the C8-BTBT layers on the C-Sapphire substrate

0.00 — 0.00
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Figure 3.3 AFM images for (a) bare C-sapphire substrate and C8-BTBT layers prepared at
300K with the thickness of (b) 5, (c) 10, (d) 15, (e) 50, and (f) 100 nm.

Figure 3.3 shows AFM images for the bare C-sapphire substrate and C8-BTBT layers
prepared at 300 K with the thickness of 5, 10, 15, 50, and 100 nm. Several atomic steps, ap-

proximately 1 pm in interval could be observed on the AFM image, although the image was
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with noise. Isolated C8-BTBT islands were formed on the C- sapphire substrate, and the height
of 11.5 ~ 11.8 nm corresponded to be approximately fourth the c-axis values of C8-BTBT mol-
ecule. The islands were growing up in direction parallel to the substrates surface, keeping the
almost constant height with the smooth top surface, resulting in the formation of continuous
layer, although some pores could be located between the grains. The surface roughness Ra was
estimated to be 1.26 nm at 10-nm-thick C8-BTBT layer. According to the AFM observation of
15-nm-thick C8-BTBT layer, the small grains with the size of 0.2 ~ 0.68 um stacked on the
continuous layer, although the Ra was estimated to be 1.23 nm almost same as that at 10-nm-
thick layer. The small grains were growing up to 0.3 ~ 1 pum with keeping smooth top surface
and terraces as represented in inset could be observed clearly, indicating that the small grains
grew by layer-by-layer growth. The surface roughness increased from 1.23 nm at 15-nm-thick-
ness to 5.2 nm at 100-nm-thickness via 3.1 nm at 50-nm-thickness, suggesting that the small
grains grew up in direction normal to the substrate surface. The C8-BTBT layer grew up on the
C-sapphire substrates by following process. The (001)-orientated C8-BTBT islands were grow-
ing up in direction parallel to the substrate surface until forming the continuous layer by the
coalescence, and then small grains grew on the continuous layers by layer-by-layer growth.

The growth of the C8-BTBT layer at 343 K and 373 K proceeded by the similar process
as that at 300 K. AFM images for C8-BTBT layers prepared at 343 K with the thickness of 5,
10, 15, 50 and 100 nm which were shown in Figure 3.4. The height of the C8-BTBT islands
before the coalescence changed depending on the preparation temperature, and the height at
343 K was estimated to be 2.4 ~ 2.9 nm nearly corresponding to the c-axis values of C§-BTBT
lattice. The size of grain grown on the continuous layer after the coalescence increased from
0.45~0.76 um to 1.8 ~ 2.7 um with increase in thickness from 15 to 100 nm.

The C8-BTBT islands prepared at 373K showed approximately 0.69 pum in size at av-

erage thickness of 5 nm and increased to approximately 4.0 um at the 100-nm-thickness after
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the coalescence of islands. The change in the surface roughness was similar tendency to that at
343 K, and the Ra value was estimated to be 9.2 nm at 100-nm-thickness.

Figure 3.5 shows the dependence of the surface roughness on the C8-BTBT layer
thickness at 300 K and 343 K and the effects of the preparation temperature on the C8-BTBT
grain size at the thickness of 5 and 100 nm. The surface roughness, Ra showed almost constant
value up to 15 nm irrespective of the preparation temperature, because C8-BTBT islands with
smooth top surface grew in direction parallel to the substrate surface. And, then the Ra value
increased with increase in the layer thickness, since the growth of the C8-BTBT transferred to

layer-by-layer growth after forming continuous layer.

Figure 3.4 AFM images for C8-BTBT layers prepared at 343K with the thickness of (a) 5, (b)

10, (¢) 15, (d) 50 and (e) 100 nm.
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The grain size of C8-BTBT islands at the 5-nm-thickness showed almost constant value
of 0.69 ~ 0.74 um irrespective of the preparation temperature, indicating that the preparation
temperature did not affect the size of C8-BTBT islands directly deposited on C-sapphire sub-
strate. The clear effect of the preparation temperature on the grain size of C8-BTBT layer was
observed at the layer thickness of 100 nm. These results suggested that the growth of C§-BTBT
islands before the coalescence of the C8-BTBT layer was dominated by the substrate material

and the growth after forming the continuous layer was affected by the preparation temperature.

) | | ®

Grain size (pm)

0O 20 40 60 8 100 300 320 340 360 380
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Figure 3.5 Dependence(A) of the surface roughness (Ra) on the C8-BTBT thickness (a) at
300K and (b) 343K, and the Effect (B) of the substrate temperature on the C8-BTBT grain size

at the average thickness of (i) 5 and (ii) 100 nm.

70



3.3.3 Optical and electrical characteristics of the C8-BTBT layers

Figure 3.6 shows absorption spectra for 5, 10, 15, 50 nm- and 100 nm-thick-C8-BTBT
layers deposited on C- sapphire substrate at preparation temperature at 300 K. The absorption
spectra were almost the same in profile and peak wavelength irrespective of the thickness and
the absorbance increased with increase in layer thickness. A weak shoulder was observed at the
wavelength of approximately 340 nm, and maximum absorption peaks were seen at the wave-
length of 358 nm for all Csg-BTBT layers. The spectra were almost the same in profile and peak
wavelength as that already reported for C§8-BTBT layer prepared on quartz substrate.[17] The
optical band gap energy was evaluated from the absorption edge wavelength by using following
equation,
Eb=h v =hc/kse (3.1)
Where, Eb, A, h, ¢, and v are band gap energy, absorption edge wavelength, Planck constant,
velocity of light, and frequency.[18] The bandgap energy was estimated by extrapolating the
linear part to a=0 on the relationship between the photon energy and absorption coefficient was
calculated from the absorbance and thickness. The optical band gap energy of C8-BTBT layers
was estimated to be 3.32-3.35 eV regardless of the layer thickness and preparation temperature.
The absorption coefficient at 358 nm wavelength was calculated for the absorbance and thick-

ness and ranged from 3.2 x 10* cm™ t0 6.8 x 10 cm™.
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Figure 3.6 Optical absorption spectra of 5 (a), 10 (b), 15 (¢), 50 (d), 100-nm-thick-C8-BTBT

layers (e) prepared on C-sapphire substrate at 300K.

Figure 3.7 shows the resistivity of C8-BTBT layers prepared at 300, 343, and 373 K
without light irradiation and with AM1.5G light irradiation. The resistivity was estimated by
van-der-Pauw technique with Hall-effect measuring system with and without light irradiation,
but the carrier concentration and mobility could not be estimated in this technique. The resis-
tivity in dark drastically decreased from 2.1 x 10° Q cm to 1.2 x 10> Q cm with increase in
preparation temperature from 300 to 373 K. The (002) peak angle and preferred orientation
were almost the same for all C8-BTBT layers. The grain size, however, changed depending on
the preparation temperature. The grain boundary act as scattering defects for transporting carrier

as reported in inorganic semiconductors, [19,20] although the carrier transporting phenomena
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is deflect among organic and inorganic semiconductor. The result revealed that the grain size

was an important factor affecting to the resistivity of C8-BTBT layers in dark.
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Figure 3.7 Resistivity of 100-nm-thick-C8-BTBT layers prepared at 300-373K (a) without light

irradiation, and (b) with AM 1.5G light irradiation.

The resistivity drastically decreased to 42 ~ 28 Q) cm by irradiating the light. Since the
AM1.5G light irradiated to C8-BTBT layers contained a light at the photon energy higher than
the bandgap energy, the excitation of electron was occurred inside the C8-BTBT molecules.
Although further investigation is needed on the electrical characteristics, the light irradiation

affects the carrier transporting phenomenon inside the grains.
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3.4 Conclusions

C8-BTBT layers were prepared on a single crystal (0001) Al,O3 (C-sapphire) substrate
by a vacuum evaporation technique, and the (001) out-of-plane orientation were developed ir-
respective of the preparation condition of the thickness and preparation temperature. The C8-
BTBT layer was formed by the growth of (001)-C8-BTBT islands in direction parallel to the
substrate surface and then the growth in direction normal to the substrate surface after the for-
mation of the continuous layer. The growth model proposed in chapter two was continued by
investigating the growth of C8-BTBT layer on C-sapphire substrate. The optical band gap en-
ergy was estimated to be 3.32-3.35 eV. The resistivity of 100 nm thick C8-BTBT layers in dark

decreased from 2.1x10° Q cm to 1.2 x10* Q cm with increasing the preparation temperature
g the prep

300 K to 373 K, and the resistivity value also decrease to 42 ~ 28 Q cm by a light irradiation.
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CHAPTER 4

Growth and characteristics of PTCDI-C8 layers on single crystal substrates with

various orientations

4.1 Introduction

The organic semiconductors have been successfully employed in electronic and optoelec-
tronic devices such as field effect transistors (FETs), light emitting diodes (LEDs), and photo-
voltaic cells (PVs).[1-6] In addition, it is possible to be applied in new application such as

thyristor, and magnetoresistance devices.[7,8] The device performance mainly relies on the
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crystal structure including the orientation and grain structure of the organic semiconductor lay-
ers.[9,10] The structure has been controlled by optimizing the substrate material including the
orientation,[11,12] and the growth containing the preparation process and conditions such as
substrate temperature and layer thickness.[13,14]

Perylene derivatives of N,N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-CS8) have at-
tracted much attention to fabricate molecular based devices due to their high mobility up to 0.6
cm®V™'s" [15] The 1D-PTCDI-C8 nanoribbons were prepared by a rapid transfer method, and
the optical properties made it possible to be utilized in optoelectronic circuitry and laser reso-
nator.[16,17] The unit cell of the PTCDI-CS8 was reported to be a triclinic lattice but the lattice
constant was different for the bulk and films.[18,19]

We have reported that the (001)-2,7-dioctyl[ 1 [benzothieno[3,2-b][1]benzothiophene (C8-
BTBT) layer was grown on Al,O3 and MgO single crystal substrates with various orientations
and orientation of layers by the strong m-m stacking, and the electrical resistivity related the
grain structure.[20] The n-n stacking plays an important role in developing the out-of-plane and
in-plane orientation for the organic semiconductor, and the tentative growth model has been
proposed.[21]

In this chapter, we investigated the effect of substrate materials and the orientation on the
growth and orientation of vacuum evaporated PTCDI-C8 layers, and also investigated the effect
of layer thickness and substrate temperature on C-Sapphire substrate with X-ray diffraction
(XRD), atomic force microscopy (AFM), and optical absorption spectra measurement. The
(001)-PTCDI-CS layers were grown on the single crystal Al,Os; and MgO substrates regardless
of the substrate material and orientation. The aim of this work is that characterization of struc-
tural relation between n-conjugated semiconductor PTCDI-CS layers and single crystal inor-
ganic substrates and examining the effects of the layer thickness and preparation temperature

on the structural, morphological and optical properties.
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4.2 Experimental procedures

The 100-nm-thick PTCDI-C8 layers were deposited at substrate temperature of 343 K at a
pressure around 4x107 Pa on single crystal substrates with various orientations, (1120)-Al,0;
(A-sapphire), (0001)- Al,O3 (C-sapphire), (1102)-Al,0; (R-sapphire), (100)-MgO, (111)-MgO,
and quartz glass substrates by a vacuum thermal evaporation system (ULVAC, VTS-350
ERH/M) connected with turbo molecular pump and oil-free scroll vacuum pump. The annealing
was carried out in air for 1 hr at 1200 °C for sapphire substrates and 1100 °C for MgO substrates.
The deposition rate 0.1 nm/s was controlled by a quartz crystal deposition control system
(ULVAC, CRTM-6000G).

To characterize the effect of layer thickness and substrate temperature in PTCDI-CS layers,
vacuum evaporated 15 to 100 nm-thick-PTCDI-C8 layers were prepared only on C-Sapphire
substrate at substrate temperature 300 K, 343 K and 373 K. The thickness of the organic layers
was determined by a surface profiler system (ULVAC, Dek Tak 150). X-ray diffraction spot
patterns were recorded by using 2D imaging plate detector with monochromatic CuKa radiation
using Rigaku RINT- Rapid II. The out-of-plane X-ray diffraction were performed at 20 value
from 5 degrees to 30 degrees by a 6/28 scanning technique using Rigaku RINT 2500 X-ray
diffractometer at monochromatic CuKa radiation operated at 40 kV, 100 mA with a wavelength
(A =0.154059 nm). Surface morphologies were observed by an atomic force microscopy (AFM,
Shimadzu, SPM-9700 Kai) in dynamic mode in air. Absorption spectra measurements were
performed using a UV-VIS-NIR spectrophotometer (HITACHI, U4100) with a reference of

(0001) C-Sapphire bare substrate.
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4.3 Results and Discussion
4.3.1 Effects of the substrate material and orientation of the PTCDI-CS layers

X-ray diffraction methods were performed to analyse the structure and orientation of
the PTCDI-CS layers prepared on quartz glass substrate, single crystal sapphire substrates of
(1120) A-sapphire, (0001) C-sapphire, (1102) R-sapphire, and single crystal (100) and (111)
MgO substrates. X-ray diffraction patterns recorded by the imaging plate for 100 nm-thick-
PTCDI-CS layers deposited on quartz, (0001) C-sapphire, (1120) A-sapphire, and (100) MgO
substrates at substrate temperature 343 K were shown in Figure 4.1 The two dashed lines in
Figure. 4.1(a) represent the radial direction of 26 and circumferential direction of B angles.
There was only one spot represented by arrow (1) corresponding to the (001)-plane of the
PTCDI-C8 and broadened diffraction ring originating from the quartz glass substrate. The
(001) diffraction spot could be observed for all diffraction patterns of PTCDI-CS8 layers. Sim-
ilar spot patterns inside the dash-line square could be observed for all the PTCDI-CS layers
prepared on the single crystal substrates, regardless of the substrate materials and orientation.
Two diffraction spots were observed at 20 angle of 8.2 and 12.3 degrees represented by arrow
(2) and (3) in addition to those originated from the substrate. Two diffracted spots were as-
signed as (002) and (003) planes of the PTCDI-C8, indicating the development of the (001)-
out-of-plane orientation, irrespective of the substrate materials and orientation. Almost the
same spot patterns suggested the development of the (001)-out-of-plane orientation, in addition
to the similar in-plane orientation for the 100-nm-thick PTCDI-C8 layers, but it was difficult to
identify accurately. The lattice relationship between PTCDI-CS layers and substrate materials
could be identified as; (001)prcprcs // (1120)ar03, (001)prepi-cs // (0001)a1203, (001)prepi-cs //

( 1102)A12037 (OO 1 )PTCDI-CS 1 ( 1 OO)MgOa (00 1 )PTCDI-CS /1 ( 11 1)Mg0~
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Figure 4.1 Imaging plate-X-ray diffraction patterns of 100-nm-thick PTCDI-CS layers on (a)

quartz glass, (b) C-sapphire, and (c) A-sapphire and (d) (100) MgO.

Figure 4.2 shows the schematic illustrations of the lattice configurations of the (001)
PTCDI-CS8, (0001)-Al,03, (1120)-Al,03 and (100)-MgO planes. The PTCDI-C8 possesses a
triclinic lattice with a=0.900 nm, b =0.489 nm, ¢ =2.165 nm, a.=95.0 degree, f = 100.7 degree,
and y= 112.8 degree, and the lattice parameters changed depending on the type of the PTCDI-
C8 such as powder and layer.[18,19][22] The AL,Os; possesses a hexagonal lattice with a =
0.47589 nm, and ¢ = 1.2991 nm, and MgO possesses a cubic lattice with a=0.4213 nm.[23][24]
The lattice mismatch was estimated to be approximately 0.58% and 2.68% on a- and b-axis of
PTCDI-CS for the lattice relationship of (001)prcprcs//(0001)an03, approximately -56.7% and
-15.7% on a- and b-axis of PTCDI-C8 for the lattice relationship of (001)prcpi-cs//(1120)a1203,

approximately -1.64 % and 13.8 % on a- and b-axis of PTCDI-C8 for the lattice relationship of
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(001)prcprcs//(1x2)(100)mgo. The lattice mismatch varied in wide range depending on the sub-
strate materials and orientation, but the lattice mismatch did not affect the out-of-plane orien-
tation of the PTCDI-C8 layers as demonstrated by the X-ray diffraction patterns. The C8-
BTBT layers showed the (001) out-of-plane orientation on single crystal Al,O; and MgO sub-
strates with different orientation like that for the PTCDI-CS layers reported here, and the growth
mechanism governed by the strong n—n stacking between the molecules has been proposed in
addition to the surface steps formed on the substrate surface.[20] Since the preferred orientation
of the PTCDI-C8 was similar irrespective of the substrate material and orientation, the growth

was investigated only on the C-sapphire substrate.
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Figure 4.2 Schematic illustrations of (a) (001) plane of PTCDI-CS8, (b) (0001) plane, and (c)

(1120) plane of Al,O,, and (d) (100) plane of MgO.
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4.3.2 Orientation of the PTCDI-CS layers on C-Sapphire substrate

Figure 4.3 shows out-of-plane X-ray diffraction patterns for 100-nm-thick PTCDI-C8
layers prepared at 300, 343, and 373 K. The diffracted X-ray peaks could be observed from 8.4
degrees and each approximately 4 degrees, and these peaks were assigned as (002), (003), (004),
and (005) planes, respectively. One sharp and intense peak at around 21 degrees which was
originated from the single crystal C-sapphire substrate. The spacing d of the (002) plane of 100
nm-thick-PTCDI-C8 layers could be estimated to be 1.03 nm, which was close to 0.98 nm cal-
culated from the lattice parameters mentioned above. It was confirmed from the out-of-plane
X-ray diffraction patterns that PTCDI-C8 layers possessed the (001)-out-of-plane orientation,
in which PTCDI-C8 molecules with almost upright standing position were preferably to grow

on C-sapphire substrate regardless of the preparation temperature.
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Figure 4.3 X-ray diffraction patterns of 100-nm-thick PTCDI-CS layers at (a) 300 K, (b) 343

K, and (c) 373 K.
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4.3.3 Grain structure and growth of the PTCDI-CS8 layers

The surface morphology of 15 nm, 50 nm, and 100 nm-thick PTCDI-CS layers prepared
at 300 K, 343 K, and 373 K was observed by AFM. AFM images for bare C-sapphire substrate,
15, 50, and 100-nm-thick-PTCDI-CS8 layers prepared at 373 K were shown in Figure 4.4. Pe-
riodic atomic steps with approximately 1 um in interval could be observed on the AFM image
of the bare C-sapphire substrate. And, the surface roughness (Ra) was estimated to be 0.097
nm. The changes in grain morphology were similar irrespective of the preparation temperature
from 300 K to 373 K. The elongated needle-like grains were formed regardless of the layer
thickness, and the grains deposited over the entire substrate surface at the thickness of 15 nm.
The width and length of needle-like grains increased from 40 nm in width and 136 nm in length
to 74 nm and 242 nm with increase in the thickness from 15 to 100 nm. The surface roughness
Ra was estimated to be 0.71 nm at 15-nm-thickness and 1.27, 1.65 nm for increasing the layer
thickness to 50 nm and 100 nm. The PTCDI-CS8 grains grew up with increase in the thickness

keeping the needle-like shape.

200 nm 1 x1 pm 0.00 200 nm 1 x1 pm 0.00

Figure 4.4 AFM images for (a) bare C-sapphire substrate, (b) PTCDI-CS layers prepared at 373

K with the thickness of 15 nm, (¢) 50 nm, and (d) 100 nm.
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Figure 4.5 shows AFM images for 100-nm-thick-PTCDI-C8 layers prepared at sub-
strate temperature of 300 K, 343 K and 373 K. Similar needle-like grains were formed over the
C-sapphire substrate surface, and the grain length was estimated to be 124 nm at 300 K and
became larger to 242 nm at 373 K. The surface roughness (Ra) decreased from 2.03 nm to 1.65

nm with increase in preparation temperature from 300 K to 373 K.
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Figure 4.5 AFM images for 100-nm-thick-PTCDI-CS layers prepared at (a) 300 K, (b) 343 K,

and (c) 373 K.

The effects of the thickness and preparation temperature on the grain length and surface
roughness (Ra) were summarized in Figure 4.6. The PTCDI-CS8 grain length increased from
74 nm to 120 nm at 300 K, 80 nm to 210 nm at 343 K, and 120 nm to 240 nm at 373 K, with
increase in thickness from 15 nm to 100 nm. The grain length at same thickness was larger at
higher preparation temperature. The PTCDI-C8 layers possessed a relatively smooth surface
with the surface roughness (Ra) ranging from 0.59 nm to 2.03 nm, and the Ra value increased
with increase in thickness irrespective of the preparation temperature. The grain morphology
and surface roughness were similar tendency to that previously reported for the PTCDI-C8 on
silicon substrate at room temperature.[25] Although there was no information on the growth
of the PTCDI-CS at the thickness below 15 nm, the needle-like islands with the (001)-out-of-
plane orientation were formed on the single crystal substrate by governing the n—n stacking,

86



according to the results shown here and growth model already proposed on the C8-BTBT
layer.[20] The needle-like islands formed a continuous layer at the thickness of 15 nm or below,

and the needle-like grains grew up with the thickness keeping the smooth surface.
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Figure 4.6 The effects of the thickness and preparation temperature on (A) the surface rough-

ness (Ra) and (B) grain length.

Figure 4.7 shows the optical absorption spectra for 100-nm-thick-PTCDI-CS layers at 300
K, 343 K, and 373 K and at the thickness of 15, 50, 100 nm at 300 K. The PTCDI-CS8 layers
possessed three absorption peaks at the wavelength of 565 nm, 480 nm, and 228 nm and a weak
shoulder at 525 nm regardless of the thickness and preparation temperature. The spectra were
almost the same in profile as that already reported for the PTCDI-C8 layer.[26] Since the C-
sapphire substrate showed no absorption at wavelength from 200 to 700 nm, the absorption
peaks at the wavelength of 228 nm also was originated from the PTCDI-CS layers. The inten-
sity of absorption peaks increased with increase in the thickness, and the preparation tempera-
ture showed slight effect on the intensity. The PTCDI-C8 layers showed an absorption edge at
wavelength of 610 nm corresponding to the photon energy of 2.03 eV. The absorption edge
wavelength was determined by extrapolating the linear line. The absorption coefficient was
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calculated from the absorbance at the wavelength of 228 nm and thickness, and values ranging

from 7.34x10* cm™ to 8.9x10* cm™ for 100-nm-thick-PTCDI-C8 layers.
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Figure 4.7 (A) Optical absorption spectra of 100-nm-thick-PTCDI-C8 layers at (a) 300 K, (b)
343 K, and (c) 373 K, and (B) of (a) 15 nm, (b) 50 nm, and (c) 100 nm -thick PTCDI-CS layers

at 300 K.

We have reported the growth of the (001)-C8-BTBT layer on single crystal Al,O3 and
MgO substrates, irrespective of the lattice mismatch. And, the tentative growth model governed
by the surface steps of the substrate and n-n-stacking of the C8-BTBT molecule has been pro-
posed. The growth of the PTCDI-CS layers showed the similar tendency to that of C8-BTBT.
It was accepted for inorganic semiconductors such as oxides that the lattice relationship includ-
ing the lattice mismatch strongly affected the growth of the oxide layer, as demonstrated for the
<0001>-ZnO layer growth on <111>-Auand <0001>-Ga:ZnO layers.[27-29] However, there
was no effect of the atomic arrangement and lattice mismatch on the growth of the PTCDI-C8
layers, and the similar preferred orientation was obtained regardless of the substrate material
and the orientation. We can propose the growth of PTCDI-CS layer on single crystal substrates
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as follow: the PTCDI-C8 aggregates bounded by the n-rn-stacking reached on the substrate in
the evaporation process and then diffused on the surface. There were steps periodically formed
on the surface of the C-sapphire substrate and other single crystal sapphire substrates, and the
diffused PTCDI-C8 molecules were stopped by the steps, resulting in the formation of the

PTCDI-C8 layer with (001)-out-of-plane orientation.

4.4 Conclusions

PTCDI-C8 layers were deposited on quartz and single crystal Al,O; and MgO substrates
with a various orientation by a vacuum evaporation technique. The (001)-out-of-plane orien-
tation was developed irrespective of the substrate materials and orientation in spite of the dif-
ference in the lattice mismatch. The needle-like PTCDI-CS8 grains grew up on C-Sapphire sub-
strate and the grain size and surface roughness increased with increase in thickness. The optical
band gap energy of 2.03 eV was estimated from the absorption spectra. The results demon-
strated here support the growth model of organic semiconductors by the surface steps of single

crystal substrate and strong n-m stacking between the organic molecules.
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CHAPTER 5

Fabrication and structure of PTCDI-C8/C8-BTBT bi-layer

5.1 Introduction
Organic-organic heterostructure of small molecules to polymers constituents have been
applied in electronic devices such as organic photovoltaics (OPVs).[1-5] The devices have

been fabricated by stacking p- and n-type molecular semiconductor layers, and the performance
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closely relates to the preferred orientation and interface morphology of the resultant hetero-
structure due to the introduction of structural defects and electrostatic disorder, resulting in
being the importance of the growth on organic semiconductor.[6-9]

Perylene derivatives (n-PTCDI-C8) and BTBT derivatives (p-C8-BTBT) are promising
materials to be used in active layers of OFETs and OPVs.[10-18] The growth of the single C8-
BTBT and PTCDI-CS layers were reported on the some types of substrates such as HOPG, and
Au.[19-21] And, we reported the growth of (001)-oriented-C8-BTBT layer on (0001)AL, O3 (C-
sapphire) substrate by coalescence the (001)-oriented islands.[22]

In this chapter, we prepare bi-layers of C8-BTBT and PTCDI-C8 with a different stack-
ing sequence and report the effect on the surface morphology and potential homogeneity on the
resultant bi-layers. The (001) C8-BTBT/(001)PTCDI-CS8 bi-layer showed an excellent perfor-
mance in the surface morphology and potential homogeneity compared with the (001) PTCDI-

C8/(001) C8-BTBT bi-layer.
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5.2 Experimental procedures

The single layers and bi-layers of C8-BTBT and PTCDI-C8 were prepared on single
crystal (0001)-ALO; (C-Sapphire) substrate with surface roughness(Ra) 0.1 nm by a vacuum
thermal evaporation system (ULVAC, VTS-350 ERH/M) connected with a turbo molecular
pump and oil-free scroll vacuum pump and at pressure around 4 x 10™* Pa. The powder of 99
% purity C8-BTBT and PTCDI-C8 were purchased from Sigma Aldrich and used as source
materials. Prior to deposition of organic materials, (0001)Al,O3 C-sapphire substrates were an-
nealed in air at 1200 °C for 1 h and then cleaned with acetone and deionized water, after that
dried at room temperature.

The 100-nm thick single layer of C8-BTBT and PTCDI-C8 were prepared at substrate
temperature 343 K with the deposition rate 0.1 nm/s which were monitored by using quartz
crystal sensor with deposition control system (ULVAC, CRTM- 6000G). After the deposition
of organic single layers of C8-BTBT and PTCDI-CS8, the subsequence layers were prepared at
similar manners for bi-layer films.

Single layers and bi-layers were characterized by X-ray diffraction technique using 2D
imaging plate detector with monochromatic CuKa radiation using Rigaku RINT-Rapid II and
out-of-plane X-ray diffraction by a 6/20 scanning technique using Rigaku RINT 2500 X-ray
diffractometer. Topography and surface potential images were observed by contact mode Kel-
vin force microscopy (KFM) in air with Pt-Ir-coated Si cantilever with scanning probe micros-

copy (SPM, Shimadzu SPM-9700-Kai).
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5.3 Results and discussion
5.3.1 Effects of the stacking sequence on preferred orientation of PTCDI-C8/C8-BTBT bi-
layers

Figure 5.1 shows X-ray diffraction patterns of C8-BTBT and PTCDI-CS single layers,
and the bi-layers with the different stacking sequence. The PTCDI-CS single layer showed
peaks at approximately 8.5 and 12.8 degrees in 20 angle, and the peaks were identified as (002)
and (003) planes of PTCDI-C8 with the characteristic triclinic lattice. And, some peaks with
the approximately 4 degree interval could be observed on the X-ray diffraction pattern rec-

orded ranging from 5 to 35 degrees, and all the peaks were assigned as (00n) (n =2, 3, - - -),

indicating the formation of (001)-out-of-plane orientation. The C8-BTBT layer showed three
peaks at 6.1, 9.1, and 12.3 degrees, and the peaks were assigned as (002), (003), and (004)
planes of the C8-BTBT layer with the characteristic monoclinic lattice, indicating the formation
of (001)-out-of-plane orientation, as already reported.[22] The C8-BTBT/PTCDI-CS bi-layers
showed 5 peaks composed of the 2 peaks and 3peaks originated from the PTCDI-C8 and C8-
BTBT layers irrespective of the stacking sequence, and the peak angles agreed with those of
both single layers, indicating the formation of (001)-out-of-plane orientation even for the bi-
layers. The lattice relationship of (001)-C8-BTBT // (001)-PTCDI-C8 // (0001)-Al,03 was
kept for the bi-layer structures, in spite of the large lattice mismatch of -23.47 % PTCDI-C8
along b-axis // C8-BTBT along a-axis, -12.21% C8-BTBT along b-axis // PTCDI-C8 along
a-axis, respectively.

Figure 5.2 shows X-ray diffraction patterns of C§-BTBT and PTCDI-CS single layers
and the bi-layers recorded by the imaging plate. The diffraction spots could be observed at 26
angle around 3.3, 6, 9 degrees identified as (001), (002), and (003) planes for single C§-BTBT
layer and around 4.1 and 8 degrees identified as (001) and (002) plane for single PTCDI-CS8

layer. Both the C8-BTBT/PTCDI-C8/C-sapphire bi-layers showed XRD spot patterns with the
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combination of the C8-BTBT and PTCDI-CS characteristic spots with the (001) out-of-plane
orientation. Any differences could not be observed among the patterns of PTCDI-C8/C8-
BTBT/C-sapphire and C8-BTBT/PTCDI-C8/C-sapphire bi-layers, indicating that formation of

a similar in-plane orientation relationship.

C8-BTBT(002)

C8-BTBT(003)

C8-BTBT(004) (d)

(c)

(b)
PTCDI-C8(003) (a)

Figure 5.1 X-ray diffraction patterns of (a) PTCDI-C8 single layer, (b) C8-BTBT single layer,

(c) PTCDI-C8/C8-BTBT/C-sapphire, and (d) C8-BTBT/PTCDI-C8/C-sapphire.
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Figure 5.2 X-ray diffraction patterns for (a) C8-BTBT, (b) PTCDI-CS,

(c) PTCDI-C8/C8-BTBT/C-sapphire, and (d) C8-BTBT/PTCDI-C8/C-sapphire.

5.3.2 Surface homogeneity of the PTCDI-C8/C8-BTBT bi-layer

Figure 5.3 shows the topography and surface potential images of the PTCDI-C8 and
C8-BTBT single layers and bi-layers with different stacking sequences. The C8-BTBT layer
was formed by the lateral growth after the formation of continuous layer by the coalescence of
the islands, as already reported,[22] and the 100-nm-thick-layer was composed of 2 ~ 2.7 um-
size-granular grains with the surface roughness (Ra) with 16.8 nm. The surface potential was
almost constant over the entire the surface. The PTCDI-CS8 layer with the smooth surface of 1.9
nm in Ra was composed of rod-like grains with 0.13 pm in width and 0.63 pm in length, and
the surface potential was almost constant due to the homogenous surface state.

The surface morphology and homogeneity of the surface potential was so different
among the bi-layers by the stacking sequences, in spite of almost the same in preferred orien-

tation. The granular grains of the upper C8-BTBT layer was observed for the C8§-BTBT/PTCDI-
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C8 bi-layer like the C8-BTBT single layer, and the surface roughness (Ra) was estimated to be

2.8 nm.

Figure 5.3 Topography and surface potential images of (a,e) C8-BTBT layer, (b,f) PTCDI-C8

layer, (c,g) PTCDI-C8/C8-BTBT/C-sapphire, and (d,h) C8-BTBT/PTCDICS8/C-sapphire.

5.3.3 Growth model of the PTCDI-C8/C8-BTBT bi-layer

The growth of the upper C8-BTBT layer was almost same as that for the single layer.
The surface potential was almost constant on the potential image indicating that the C8-
BTBTlayer stacked entirely on the bottom PTCDI-CS layer. The PTCDI-C8/C8-BTBT bi-layer
showed a roughed surface of the increased Ra of 95.6 nm, and edged island-type irregularities
could be observed on the lower continuous layer. The large surface irregularity reflected to the
surface potential image, where the two potentials were distributed on the image, suggesting the
growth of isolated PTCDI-C8 edged island on the C8-BTBT layer. There is a possibility of the
growth of the PTCDI-C8 with a process different to that of the single layer, although there was

a different in the surface roughness of the lower layers. Further investigation on the growth is
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needed to clarify the reason for the difference in the growth, the stacking sequence strongly
affects the surface state of the resultant bi-layer. And, the estimation of the surface potential
with KFM is a powerful tool to estimate the homogeneity of the surface energy state of the

semiconductor device.

5.4 Conclusions

The preferred orientation and surface homogeneity of the C8-BTBT/PTCDI-C8 bi-
layers were estimated by X-ray diffraction, and KFM. The C8-BTBT and PTCDI-C8
single layers showed the surface roughness (Ra) of 16.8 nm and 1.9 nm, respectively,
and the surface potential was homogenous over the surface for both the single layer.
The stacking sequence strongly affected to the morphology and surface potential of the
bi-layer, and C8-BTBT/PTCDI-C8 bi-layer showed a surface roughness of 2.8 nm and
homogenous surface potential, compared with those of PTCDI-C8/C8-BTBT bi-layer. The
results demonstrated here indicates the importance of the stacking sequence for the bi-

layers and availability of the KFM measurement on the estimation of the surface state.
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CHAPTER 6

Summary

6.1 Research summary

In this thesis, the preparation of vacuum-evaporated n-conjugated organic n-type and p-
type semiconductor layers and characterization of deposited layers by x-ray diffraction (XRD),
atomic force microscopy (AFM), Kelvin force microscopy (KFM), optical absorption

measurment, Hall effect measurement by van dar Paul method were in the focus of this study.
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The growth, structure including preferred orientation, and morphology of p-type (C8-BTBT)
and n-type (PTCDI-C8) organic semiconductor layers on single-crystal substrates with various
orientations have mainly analyzed by XRD and AFM. The effect of layer thickness and
substrate temperature on structural and optical properties of vacuum-evaporated C8-BTBT, and
PTCDI-CS layers only on single-crystal (0001)-Al,O3 (C-sapphire) were investigated. And, the
effect of stacking sequences of C8-BTBT and PTCDI-CS8 layers on the surface states of the
deposited layers, including suface homogenity and surface potential variations were observed
by the use of XRD techniques and Scanning probe microscopy (SPM).

In chapter two, vacuum-evaporated 100-nm-thick 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (C8-BTBT) layers were prepared on quartz glass, (1120) A-, (0001) C-,
and (1102) R-single-crystal Al,Os (sapphire), and (100)-, and (111)-single-crystal MgO sub-
strates. Structural characterizations were carried out by X-ray diffraction analysis and atomic
force microscopy (AFM) observation. XRD analysis revealed that the (001) out-of-plane ori-
entation with a similar in-plane orientation was developed irrespective of the substrate material
and orientation. The molecule-molecule interaction is stronger than molecule-substrate interac-
tion because long axis of C8-BTBT molecules are arranged almost normal to the single crystal
substrates and formation of the layer was governed by n-n-stacking-induced molecular order-
ing. The grain structure influenced the resistivities of the C8-BTBT layers on various single
crystal substrates.

In chapter three, the effects of the layer thickness and preparation temperature on struc-
tural, morphological, optical, and electrical characteristics of vacuum-evaporated C8-BTBT
layers on a single crystal (0001) Al,O3; (C-sapphire) have been investigated with XRD, AFM,
optical absorption measurement, and resistivity measurement with and without light irradiation.
Concerning the results obtained from the XRD, it is observed that the C8-BTBT layers pos-

sessed the (001) out-of-plane orientation irrespective of the layer thickness and preparation
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temperature. According to AFM observation, the C8-BTBT grains were growing up in direction
parallel to the substrate surface keeping almost constant height, and the continuous layer was
formed by the coalescence of the C8-BTBT grains. The grain size of the continuous C§-BTBT
layer increased with raise in preparation temperature. The optical band gap energy could be
estimated to be 3.32-3.35 eV regardless of the layer thickness and preparation temperature. The
electrical resistivity decreased from 2.1 x 10° Qcm to 1.2 x 10* Qcm with increase in the prep-
aration temperature due to the increase in the grain size, and the light irradiation induced dras-
tically decrease to 42 to 28 Qcm.

In chapter four, the growth of N,N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-
C8) layers on single crystal Al,O3; and MgO substrates with various orientations were charac-
terized by XRD analysis. The (001) out-of-plane orientation was developed on all the single
crystal substrates, irrespective of the substrate materials and orientation. Since the structure of
PTCDI-C8 on single crystal substrates showed similar manners, the growth of PTCDI-C8 layers
only on (0001) Al,O3 C-sapphire substrate were prepared by investing the effect of layer thick-
ness and substrate temperature. AFM observation revealed that needle-like grains formations
irrespective of the preparation parameters. The grain size and surface roughness increased with
increase in layer thickness from 15 nm to 100nm and preparation temperature 300 K — 373 K.
The optical band gap energy of 2.03 eV which value is consistent and band gap energy of
PTCDI- C8 layer did not depend on preparation parameters. The growth of PTCDI-C8 on
single crystal substrates was governed by the n-r stacking structure.

In chapter five, the single layers and bi-layers with different sequences of 2,7-dioc-
tyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) and N,N'-dioctyl-3,4,9,10-perylenedi-
carboximide (PTCDI-C8) on single crystal Al,O; (C-sapphire) substrate were investigated
by XRD and SPM observation. The topography images observed from KFM showed the surface

potential distribution is homogenous for both single layers of C8-BTBT and PTCDI-C8 with
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the surface roughness (Ra) of 16.8 nm and 1.9 nm, respectively. The stacking sequences
strongly affected to the morphology and surface potential of the bi-layers, and C8-
BTBT/PTCDI-CS bi-layer showed a surface roughness of 2.8 nm and homogenous surface po-
tential as compared to those of PTCDI-C8/C8-BTBT bi-layer.

In this work, the structural, morphological characteristics, optical and electrical proper-
ties of vacuum evaporated organic semiconductor layers on single crystal substrates were stud-
ied. This study supports the understanding of the growth of n-conjugated molecules on single
crystal substrates and the optimize condition of growth for organic semiconductors to obtain
high ordered structure with high performance organic-based electronics and optoelectronic de-

vices.

108



6.2 Acknowledgement

This thesis is the outcome of my research from Oct 2015 until Sep 2018 at Thin Film Laboratory,
Department of Mechanical Engineering, Toyohashi University of Technology, Japan, under
supervision of Prof. Dr. Masanobu Izaki. This research work could not be accomplished without
the help of several individuals who in direct or indirect way contributed and extended their

valuable assistance in the preparation and completion of this study.

First and foremost, I am grateful to my supervisor, Prof. Dr. Masanobu Izaki for being an ex-
cellent adviser. He is not only a scientist, he is also a kind and caring person. Not only did I
learn about material science and semiconductor devices, but he trained me how to conduct my
research work and writing papers. He supported me my research work with his ideas, discus-

sions, and comments.

I would like to give special thanks to examiners, Prof. Dr. Yoshikazu Todaka, Assoc. Prof. Dr.
Toshiaki Yasui, and Assoc. Prof. Dr. Masakazu Kobayashi for their advice, suggestions and

comments which support the improvement this thesis.

Next, I would like to thanks to Assc. Prof. Dr. Seiji Yokoyama and Dr. Junji Sasano for their
kind comments and ideas during the discussion in laboratory’s seminars. Then, I also want to
give my gratefulness to Dr. Seiji Watase and Prof. Dr. Tsutomu Shinagawa for their help in

some of my measurement, ideas and discussions.

I was fortunate to attend doctorate course with Mr. Khoo. He is my great tutor and a friend who

help me throughout my student life in Japan. I am grateful for his patience and supporting. In

109



my daily work, I have been blessed with a friendly and cheerful group of lab members. They
are very helpful and always assisted me to complete my works, especially to the thin film lab
group members, Mr. Koumori , Mr. Niki, Mr. Shimizu for teaching me how to operate vacuum

evaporation system, and atomic force microscopy measurement and XRD measurement.

I would like to express many thanks to AUN-SEED.net (JICA) for their financial supports.

I want to thank to my family, and my teachers in Myanmar. Especially, my Dad, U Kyi Htun is

the person who gave me the freedom to pursue my interests and ideas in my studying field. And

my Mom who raised me with her kindness, caring and love. Thanks to you all, for all your love

and support.

Toyohashi, Japan

Aye Myint Moh

110



6.3 Research achievements

6.3.1 List of publications

[1] Growth and Characteristics of C8-BTBT Layer on C-Sapphire Substrate by Thermal Evap-
oration, Aye Myint Moh, Pei Loon Khoo, Kimihiro Sasaki, Seiji Watase, Tsutomu Shinagawa

and Masanobu Izaki, Phys. Status Solidi A 215, 1700862, (2018).

[2] Preferred orientation of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene molecules on
inorganic single crystal substrates with various orientations, Aye Myint Moh, Kimihiro Sasaki,
Seiji Watase, Tsutomu Shinagawa and Masanobu Izaki, Japanese Journal of Applied Physics,

Jpn. J. Appl. Phys. 57, 08RE04, (2018).

[3] Surface State of Thermally Evaporated PTCDI-C8/C8-BTBT Bi-Layer, Aye Myint Moh,

Seiji Watase, Masanobu Izaki, Journal of the Surface Finishing Society of Japan, J. Surf. Finish.

Soc. Jpn. 69, 249, (2018).

111



6.3.2 List of conferences

[1] Preferred Orientation and Morphology of C8-BTBT layer Prepared on C-Sapphire Substrate
by Thermal Evaporation, Aye Myint Moh, Pei Loon Khoo, Kimihiro Sasaki, Seiji Watase, Tsu-
tomu Shinagawa and Masanobu Izaki, European Materials Research Society International Con-

ference, Strasbourg, France, 2017.

[2] Preferred Orientation of C8-BTBT Molecules on Inorganic Single Crystal Substrates with
Various Orientation, Aye Myint Moh, Kimihiro Sasaki, Seiji Watase, Tsutomu Shinagawa and

Masanobu Izaki, PVSEC-27 International Conference, Shiga, Japan, 2017.

[3] Effect of Stacking Sequence on the Structure of PTCDI-C8/C8-BTBT Bi-layer”, Aye Myint

th
Moh, Seiji Watase, and Masanobu Izaki, The 8 , International Conference on Advanced Ma-

terials Research (ICAMR), Fukuoka, Japan, 2018.

112



