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Abstract
Organic molecular electronics has attracted much interest to fabricate innovative products with high performance

at low cost, and furthermore to open novel architecture for future device processes. To improve their characteristic
performance, the conformational alignments and bonding states of individual organic molecules in the devices are
crucial. Selection and preparation of molecule-binding substrates also dominate the performance, and a wide-ranging
survey for the molecule-substrate combination is indispensable.

In this study scanning tunneling microscopy (STM) observation was conducted for 4,4”-diamino-p-terphenyl
(DAT) molecules deposited on a clean reconstructed Si(001)-(2x1) surface at room temperature (RT). The Si surface
can be a good candidate for a substrate to examine molecular adsorption. In this study, the linear but twisted z-
conjugated framework of DAT, were mostly revealed to lie down laterally on the surface, which has a linear framework
consisting of a central benzene ring and two phenyl rings (terphenyl) terminated with two amino groups at both ends.

The DAT was evaporated by heating a crucible containing the DAT at a temperature ranged from 418 to 433 K,
which was below the DAT melting temperature of ~510 K. The depositing amount of the DAT molecules on the
Si(001) surface was controlled by changing the opening time of a mechanical shutter over the crucible, ranging from a
few seconds to a few minutes.

The majority of DATSs were tilted laterally at about 17° with respect to the direction of a Si dimer row on the
surface, though a variety of DAT configuration with different angles was found by STM. The histograms of the tilted
angles at low coverages (0.04 molecule/nm?) showed that the most frequent angle was 17°. The DATS tilted at 17°
looked hollow at the center and their apparent height was lower than that of other configurations of DAT in STM
images. This indicates that the DAT tends to take a double arched shape at the tilted angle of 17° in a stable
conformation with butterfly-like bonding through the central ring to a Si dimer as well as the two amino groups bonded
to respective Si atoms on the dimer row.

The DAT molecules adsorbed on the Si(001) surfaces at low coverages were annealed at 523 K for 1 min, and the
surfaces were examined by STM. The number at 17° increased from 50% to about 80%, while the number of molecules
at a tilted angle of 8° and 0° decreased less than 15%, and the number at other angles diminished within our total
counting of about 250 protrusions. It is probable that the protrusion at 17° was the most stable irrespective of annealing,
corresponding to a chemical configuration of DAT absorbed on the Si(001)-(2x1) surface. The deposition amount of
DAT was increased to 0.24 molecule/nm? and annealed at 523 K for 1 min. STM images showed that the DAT at high
coverages (0.24 molecules/nm? or more) turned out to be linearly ordered structure running to the direction of about
22° with respect to the Si dimer row.

The results obtained in this study showed that the amino groups of molecules interacted with Si surfaces at RT,
and phenyl rings also interacted with Si dimers between their n state electron orbitals. The well-defined Si surface
exhibited to hold the proper characteristics to reveal the interaction with the molecules. The results also showed the
potential for the DAT and Si system leading to a fundamental layer to grow the overlayer with their well-defined

configuration for future molecular electronics.
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1-Introduction:

1.1 Background of organic molecules on silicon substrates

To date a great number of applications using organic films have rapidly been
examined, because a variety of fascinating chemical and physical properties of
the films have been revealed, depending on not only their bulk structures in the
films but also their specific chemical configurations on film substrates. The
organic films have increasingly taken important roles in materials engineering.
Their wide range of properties and applications are not inferior to other major
classes of materials, such as steel and silicon. The competition in chemical,
electronic and fine mechanical industries to establish the processes for device
fabrication of organic films and to take the initiative in the market is globally
keen. Since the basic and technical knowledge on organic films holds the key to
improve their performance and to win the competition, basic researches to
understand their material properties are indispensable.

Among their promising applications organic electronic devices have
attracted much interest to fabricate innovative products with high performance
at low cost utilizing molecular specific electronic and mechanical properties.
For example, organic electroluminescence has considerable potential for
applications to ubiquitous display devices because of the high light-emitting
efficiency and a variety of tunable colors [1] using multilayer structures,|2]
doped emitting layers,[3] novel transport and luminescent materials[4] including
flexible polymers,[5,6] and efficient injection contacts.|[7]

It has been widely recognized that the twentieth century was the time of
silicon (Si), initiated by the invention of a solid-state transistor with
semiconducting materials; at the present a tremendous amount of silicon
electronic devices have prevailed all over the world. During the development of
Si devices including the lithographic techniques to miniaturize the devices, the
science and technology concerning Si have extremely progressed; for example,
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the high-quality of the single crystal, ultimate control of impurities, and
polishing and flattening of Si single crystal surfaces. To extend and explore the
new device technology with organic films, the combination of the organic films
with Si is one of the most promising and reasonable approaches. For example,
Si substrates for deposition of organic molecules are of great interest to realize
novel functionalized electronic devices. To improve the electronic properties of
the devices, it is crucial to control the interfaces between Si substrates and
organic molecules.

Here as a basic surface science, the Si surface structure is referred. As a
starting point, the (001) surface of silicon (Figure 1.1) acts as the representative
of substrates from a technological viewpoint for nano electronic devices using
the wide-range Si technology. Cleaving the silicon crystal along the (001) plane,
each silicon surface atom has four bonds: two bonds (Figure 1.2; bond number 1
and 2 are shown therein) to the bulk and the remnant two bonds on the surface
(bond number 3 and 4). Two silicon atoms at the surface share two electrons
with the nearest silicon atom forming a dimer (pink color in Figure 1.1). Every
pair of silicon atoms forms one dimer and leaves two bonds free as dangling
bonds, which are ready to be a good stand for depositing molecules.

To reveal the adsorption configuration and to control the alignments of
organic molecules on the well-defined Si surface, a large number of reports
have been published; for example, amino-terminated organic monolayers on
hydrogen-terminated silicon surfaces, Alexander et al. [8] developed two new
routes for the preparation of amino-functionalized monolayers on H-terminated
Si surfaces. Both routes are based on a two-step procedure in which a mixed
monolayer was prepared of a protected w-amino-1-alkene and a nonfunctional
1-alkene was prepared. Subsequent removal of the protective groups then
generates the covalently attached NH,-terminated monolayer without damaging
the underlying Si surface or the monolayer composition. Another example,

amino-terminated organic monolayers covalently modified silicon surface, Tami
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Figurel.l Top and side views of a Si(001)-(2x1) surface.

Si dimer rows are illustrated in pink color.
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et al. [9] established a method for minimizing nonspecific binding that can
significantly enhance the ability to integrate biological molecules, especially
proteins, with microelectronic materials.

In fabrication of stable chemical bonding of molecules to Si substrates,
amino group containing molecules play important roles, because a N atom in the
amino group with a lone pair of electrons can interact with Si substrates and act
as an electron donor, leading to prominent chemical and electrical properties.
Electronic and vibrational spectroscopies showed that surface layers deposited
with the molecules of NH; on Si(100)-(2x1) comprised coadsorbed NH, and H
at room temperature (RT).[10-13] An early study was interpreted in terms of
subsurface atomic N and adsorbed H [14]. At present, however, it is accepted
that NH, and H species are adsorbed at the opposite ends of Si dimers on the
Si(100)-(2x1) clean surface, resulting in change in the Si dimer asymmetry
relative to that of the clean surface.[15] To clarify the structures of molecules
adsorbed on the substrates, not only STM observation but also guidelines to
optimize models for molecule-substrate systems are indispensible.[16-19]

In this study, 4,4”-diamino-p-terphenyl (DAT) is deposited on the
Si(001)-(2x1) surface at low coverages at room temperature (RT) by vapor
deposition, and observed by STM to reveal the DAT configurations and find the
most stable one on it. Furthermore, the surface is annealed to draw the evidence
to align DATS on the surface to pursue their stable configuration with changing
depositing amount. DAT has been used for a monomer of conjugated polymer,
polyazomethine, which was employed for electroluminescence (EL) devices
prepared by vapour deposition polymerization. It is important to examine the
annealing effects. Fabrication of one monolayer and control of the interface
between DAT and substrate possibly improve the performance of electronic
properties, so that alignment and fabrication of one monolayer of DAT on Si

surface is one of main concerns of this study.
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Figure 1.2 Model of Si(001) surface. Si bonds to the bulk denoted by 1 and 2.
Forming a dimer with a nearest surface Si atom using a bond denoted by 3.
Dangling bond denoted by 4.
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1.2 Nano scale analysis of molecules by scanning probe microscopy

The word of “nano” means the 10 power, i.e., one billionth. Atomic diameters
and molecular sizes are usually measured by the unit of a nanometer. For
comparison, a human hair is about 100,000 nanometers (nm) in diameter. Nano
science is the study of atoms, molecules, and objects whose size is on the
nanometer scale (1-100 nm). Physical and chemical properties of nanoscale
materials have attracted much interest due to their infinite potentials for
functional device application. They are, however, much different than those of
bulk, where quantum mechanical properties not seen on a macroscopic scale are
dominant in the nanoscale world. Rather than working with bulk materials, one
works with individual atoms, small clusters (consisting of a small number of
atoms) or molecules to realize exotic functional materials using their properties.

By learning about properties of individual clusters or molecules, we can
put them together in very well-defined ways to produce new materials with new
and amazing functionalities with increasing efficiency and reliability. The
Investigation techniques from an atomic resolution point of view are
indispensable and essential to understand the nanoscale structural and electronic
properties of various materials. High-resolution microscopes historically played
an important role for their characterization.

One of major tools for fabrication and characterization in nanoscience
and nanotechnology is scanning probe microscopy (SPM). In particular, we can
investigate the fundamental relationships between nano structures and nano
physical properties using it. The term of SPM typically covers STM, atomic
force microscopy (AFM), near-field scanning optical microscopy (NSOM, or
SNOM) and related techniques. Today several atom-resolved microscopic
techniques are available. One of them is the STM that uses an atomically

sharpened metallic needle (tip). The operation principle is illustrated in Figure 3.
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Figure 1.3 Principle and schematic of STM.
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In STM the tip is brought close to a sample, and maintain a constant
separation between the tip and a sample using a feedback circuit control which
measures the electric tunneling current between them. The STM can be applied
not only for characterization but also for manipulation of a variety of
nanostructures, including solid-state matter, organic materials and biomaterials,
In various environments as vacuum, ambient conditions, and even liquids.

The SPM including the STM has now been regarded as one of the major
driving forces for rapid development of nanoscience and nanotechnology, and
the tool of choice in many areas of research. In principle it is interesting that the
SPM techniques operate on the basis of the quantum mechanical features of

electrons and atomic interactions.

1.3 m-conjugated organic molecules:4,4°’-diamino-p-terphenyl (DAT)

Although it is needed to characterize and improve organic molecular thin films
for applications in opto- and nano- electronic devices, in particular,
electroluminescence devices, the complicated nature of the structures of these
organic molecular films raises some of fundamental questions about their
vibrational excitations, electronic and excitonic properties, correlation effects
random disorder of the structure and thermal fluctuations. While the wide
research about the basic phenomena to improve the performance of devices,
such as charge carrier injection into and transport through thin films has been
still not perfectly understood even for inorganic solids. The complicated of
relaxation and polarization phenomena control the mechanism of the energy
levels of charge carriers. The covalently bonded inorganic semiconductors have
strong resonance interactions between neighboring atoms, which affect the
stability of charge carriers and delocalized them. The energy levels and the
transport of charge carriers are described within the single-electron band

approximation. Polarization energy are small, carrier screening is efficient and

8
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binding energies are few meV[20]. The minimum energy of formation of a
separated free electron and hole, i.e., the transport gap, is therefore very close to
the onset of optical absorption, i.e., the optical gap. This gap is used for accurate
modeling of charge carrier injection at the semiconductor interfaces.

On the other hand, localization and polarization phenomena dominate the
physics of charged excitation and transport in organic molecular solids.[22, 23]
Organic solids have low dielectric constants, small intermolecular overlap,
charges localized on individual molecules and large polarizabilities involving
charges and induced dipoles. The optical gap corresponds to the formation of a
Frenkel exciton, with the electron and hole on the same molecule, rather than to
a band-to-band transition.[21, 24]

Applications of polymer light-emitting diodes (PLEDs) increased
gradually after the discovery of electroluminescence devices in conjugated
polymers by Burroughes et al.[25] There are many barbed points should be
fixed for manufacturing for practical application. The most important point is
the lifetime of PLEDs by fabrication of light-emitting polymers such as poly(p-
phenylenevinylene) (PPV) by wet process. This process is simple and low-cost
process, but it has some disadvantages. For example, the adsorbed impurities
such as solvents and atmospheric water cannot be completely removed from
polymer films which are the reasons for degradation of PLEDs.[26]

To solve this problem, vapor deposition polymerization (VDP) help us to
fabricate conjugated polymer film on a substrate by direct deposition of
monomers without solvents, which decrease the impurities in polymer films. In
addition, VDP process is easier to control the fabrication process of multi-layer
structure, increasing the efficiency of multi-layer structure for PLEDs. Another
advantage of the vapor deposition process has a good control of film uniformity
and thickness over solution-based techniques. In addition, if the polymer
becomes insoluble after film formation, the polymer layer can be used for
patterned by photolithography technique. [27]
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Another example, the thin films of PPV and polyoxadiazole (POD) have
been fabricated with the VDP method.[28-31] These materials usually
fabricated by a two-step reaction process, the first step, fabricating polymer by
polymerization of monomer, and then converts to the final products by
annealing above 200 °C and close to 300 °C. The final product of PPV and
POD are insoluble for any organic solvents. Applications of PPV[29] and
POD[30,31] thin films prepared by VDP for active layer of PLEDs have been
reported.

On the other side, polyazomethine (PAM) thin films can be prepared by
only one-step reaction process, with substrate temperature below 200 °C, the
low-temperature process allows us to use plastic substrates. Application of PAM
films for organic light-emitting diodes (OLEDs) have been employed previously
[32-34]. However, these reports used only PAM films as carrier transporting
layers of OLEDs. The electroluminescence from PAM prepared by VDP
process has never been reported.

In this study, we report successful fabrication of DAT molecule layers
of a monomer of PAM on silicon substrate. Nishimura et al.[35] deposited DAT
molecules on a Si(111)-(7x7) surface at RT and examined using X-ray
photoelectron spectroscopy (XPS) and STM. Figure 1.4 shows the chemical
structure of DAT consisting of a linear but twisted three-benzene chain (z-
conjugated), i.e., terphenyl, and two amino groups at the two ends of the chain.
DAT is a monomer used to synthesize a conjugated polymer by vapor
deposition polymerization through the amino groups[36]. At low coverages of
DAT, Nishimura et al. found that the DAT was chemically bonded to the Si
surface through one amino group at one end of the DAT even at RT, and the
other amino group was not bonded to the surface, resulting in the main
framework of DAT standing at a slant onto the Si(111) surface. Meanwhile, to
form ordered molecular multi-layers over long distances through m-n stacking

interaction, the molecules lying-down parallel to their substrate is preferable,

10
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which are profitable to light-emitting and photovoltaic molecular devices[37].
Their lying-down configuration can be triggered at the interface between the
first layer molecules and the substrate. Since the reconstructed Si(001)-(2x1)
surface has a number of Si dangling bonds larger than that of the Si(111)-(7x7)
surface per area, the molecules with = orbitals deposited on the Si(001)-(2x1)
surface can take a diversity of alignments on it, possibly leading to their lying
down configuration. In this study, we examine the adsorption of DAT on the
Si(001)-(2x1) surface at RT, and analyze the conformational change by
annealing to pursue the stable alignments and to fabricate ordered structures

suitable for molecular devices.

‘ 1.43 nm ’

Figure 1.4 (a) Chemical structure of DAT. (b) optimized structure of DAT using
Material Studio[38].

11
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2-Experimental Principles:
2.1  Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) was founded by Binnig and Rohrer.[1,2]
The basic schematic of STM is shown in Figure 2.1. A sharp metal probe tip is
brought so close to a sample surface that electrons can tunnel quantum
mechanically through a vacuum barrier separating the tip and the sample. The
probe tip, usually made of W or Pt-Ir alloy, is attached to a piezo drive, which
consists of three mutually perpendicular piezoelectric transducers: x, y, and z
piezos. The overlap between electron wave functions in the tip and the wave
functions in the sample surface side generates a finite tunneling conductance
under a bias voltage V between the tip and sample, and consequently a tunneling

current passes between them.

Control voltages for piezotube

Tunneling current amplifier

Piezoelectric tube
with electrodes

Distance control
and scanning unit

Sample Tip

Data processing
and display

Tunneling
XQ{W voltage
Figure 2.1 Schematic diagram of STM.
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Changing the polarity of the bias voltage (V) applied to a sample during
the tip is grounded, Figure 2.2 (a) show, if V is positive, the electrons are
tunneling from the occupied states of the tip into the empty states of the sample.
Figure 2.2 (b) show, If V is negative, the electrons are tunneling from the
occupied states of the sample into the empty states of the tip. A current amplifier
converts the tunneling current into a voltage output, which is then compared
with a reference value. The amplification of a difference between the voltage
output and the reference value drives the z piezo. If the tunneling current is
larger than the reference value, then the voltage applied to the z piezo withdraws
the tip from the sample surface. If the tunneling current less than the reference
value, the voltage applied to the z piezo brings the tip closer to the sample
surface. The surface topography is displayed on a computer screen as a gray-
scale image similar to black and white television images, the bright protrusions
corresponding to high z values and the dark spots corresponding to the low z

values.[3]

(a)

(b) -

Figure 2.2 Potential energy diagrams. (a) V is positive; electrons tunnel from the
occupied states of the tip into the empty states of the sample. (b) V is negative; the
tunneling direction is inverted.
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In classical mechanics, the electron in a potential U (z) is described by
p?
—+U(@z)=E 2.1
-+ U(2) (2.)

Where m is the electron mass, and E is the energy. In regions where E > U(z),
the electron has a non-zero momentum p= [2m(E — U)]"?, electron cannot
penetrate into any region if E < U(z) or a potential barrier.

In quantum mechanics, the electron described by a wavefunction ¥ (z2),

which satisfies Schrédinger equation,

h? d?
—— = Y@ +U @Y =EYP(z). @2
Consider the case of constant potential, as shown in Figure 2.2 in the classically

allowed region E > U, Eq. 2.2 has solutions

Y(2) = P(0) etikz, (2.3)

Where
K = Jv2m(E-U) (2.4)
h
Classical v
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e
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Figure 2.3 The difference between classical theory and quantum theory.
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The momentum of electrons moving in positive and negative direction is
constant momentum p = #k and constant velocity V=p/m as the classical

mechanics case. Eq. 2.2 in classical forbidden region has a solution.|3]
— -k
Y(z) = P(0) e, (2.5)
K = Jv2m(U—-E)

= p (2.6)

Where k is the decay constant.

The basic features of metal-vacuum-metal tunneling in a model as shown
in Figure 2.2, the work function ¢ of a metal is defined as the minimum energy
needed to remove one electron from the bulk to the vacuum level. The work
function depends on the crystallographic orientation of the surface as well as the
material. Suppose that the thermal excitation is negligible, the Fermi level is the
upper limit of the occupied states in a metal where the vacuum level is the
reference point of energy, simply discussion, the work functions of the tip and
the sample are equal, Er = - ¢. The electron can tunnel from the sample to the
tip at the same time, the electron can tunnel from the tip to the sample surface.

A net tunneling current occurs after applying a bias voltage V. The sample
state y, with energy level E, lying between Er — eV and Er has a chance
tunneling into the tip. If V is so small compare to the work function, means that
eV << ¢. Then the energy levels of the sample states are very close to the
Fermi level, that is, E, = -@. So the transmission coefficient T, which is the ratio
of the tunneling current at the tip surface z to the impinging current at z = 0,

I(z —
— ()_e 2kz

=10 = (2.7)

__4/2md
k = . (2.8)

where K is the decay constant of the sample state near the Fermi level in the

barrier region. [3]
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2.2 Fabrication of molecular layers on silicon substrates in ultrahigh

vacuum

A great development in the growth of ultrathin organic films and multilayer
structure specially in the optoelectronic properties. There are several
mechanisms to grow the organic molecules thin films depending on the nature
and the structure of this molecule and the expectation model of its thin film
layer. Ultrahigh vacuum (UHV) is one of the most important conditions to
fabricate monolayer using special techniques such as Langmuir-Blodgett film
and self-assembled monolayer from solution.[4-8] In addition, organic
molecular beam deposition (OMBD) and organic molecular beam epitaxy
(OMBE) usually done in UHV conditions which have many advantages in the
fabrication process of organic thin film such as control the layer thickness and
clean the substrate and environment in atomic scale.

As explained before, the reconstructed Si(001)-(2x1) surface with Si-Si

dimers is a good substrate which can react with = bonds of unsaturated organic

molecules to fabricate well-ordered organic films with novel physical
properties. Thus, many reports show that it is possible to use reactions between
the oriented dimers present on the Si(001) surface and the double bonds present
In unsaturated organic molecules and align them in ordered translationally and
rotationally.

Under UHV conditions, Hamers et al.[9, 10] built an STM system with
base pressure < 1x10™*° Torr to observe the adsorption of cyclopentene and 1,5-
cyclooctadiene to fabricate a well-defined interface between silicon and organic
molecular layers that are ordered translationally and rotationally. The rotational

orientations of the molecules arise from the directional interaction of the =
orbitals of the starting alkene with the = orbital of the dimers comprising the

reconstructed Si(001) surface. The Si(001) surface act as the guide for
determining the directionality and the ordered structure of the molecules of
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organic film. These molecules bind via a cycloaddition reaction, producing
ordered films at 300 K. The use of bifunctional compounds such as 1,5-
cyclooctadiene which push the orientation of the C=C bond in the monolayer
film to be extended into subsequent layers then forming multilayer anisotropic
organic films. This kind of reactions which involves covalent bonding without
dissociation lead to a high degree of molecular order even at room temperature.
The uniform spacing between dimers of the Si(001) surface leads to

translational order of the molecular overlayer.
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3 Experimental Methods:
3.1 Substrate preparation: clean Si(001)-(2x1)surface

A huge number of scientific research and reports have been published to
find the a convenient method to fabricate free defect clean Si(001) surface
because the high concentration of defects on Si(001) surface control the
morphology of the surface[1-12], and important processes, such as, the
adsorption phenomena, thin films growth and oxidation process reflect
disadvantages and make these processes worse.

The types and concentrations of defects depending on the fabrication
methods of the sample and increasing the difficulty to compare the research
results for different groups. The needed to find a solution to decrease the effect
of Si(001) defects was observed and reported by many researchers, in addition
finding a method to fabricate a surface free from defects in urgently and has
been developed by several different approaches.

The defect free Si(001) act as a standard template for future surface
science research and applications. The method of fabricating a defect free
surface is needed to be able to be applied to any sample. Many different
surfaces preparation methods to obtain clean Si(001) surfaces have been
proposed, such as, chemical treatments and passivation.

Scanning tunneling microscopy is the standard probe to check the
cleanness of the surface at high atomic resolutions, many preparation methods
such as ion bombardment stopped, on the other hand annealing and flashing
methods became the best choice to fabricate defect free Si(001) surface.
Nowadays, widely employed of annealing and flashing in fabrication clean
Si(001) surface. Cleaning the sample holder material is one of the important
conditions to fabricate clean Si(001) surface[13]. Our special method to
fabricate clean Si(001) surface in UHV conditions is very simple and effective
to reduce the different kinds of defects, such as missing atoms, split dimer and
adsorbed contaminations shown in Figure 3.1 (a), (b) and (c) respectively.
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Figure 3.1 STM images for clean Si(001) surface show examples of (a) the
missing atoms defects, (b) spilt dimmers defects , and (c) adsorbed

contaminations defects.

23



Amer Mahmoud Amer Hassan

In this study, we used a home-built ultrahigh vacuum (UHV) STM system
with a base pressure of 2 x 10™ Torr operated at RT. The system has a sample
preparation chamber with a base pressure on the order of 10™° Torr.

A cut of 2x12x0.35 mm® from a B-doped Si(001) wafer with a resistivity
of 0.01-0.02Q-cm was used as a substrate. The substrate was cleaned by
ultrasonic bath of acetone and ozone cleaner (NL-UV253, Nippon Laser &
Electronics Lab) to remove organic and metal contaminations.

The Si samples were clamped to a Ta holder by Ta clips with great care
of handling using ceramics tolls without touching any metal parts Next, the
substrate was introduced to the main chamber, followed by resistively using our
special method for degassing, flashing and annealing processes.

The difficulties to use thermocouple for measuring the temperature
during flashing and annealing process so the temperature was measured by a

pyrometer shown in Figure 3.2.
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Figure 3.2 (a) top view of the setup of the pyrometer in front of the window to

the heat stage (b) front view of the pyrometer focusing to the sample surface.
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Next, the substrate was introduced to the main chamber followed by
resistively heating, using our special flowchart to fabricate defect free Si(001)
surface shown in Figure 3.3. If the sample holder is new, degassing at 1273K for
two weeks is required to remove the contaminations covered the sample holder
material.

The next step, if the sample is new so degassing at 873 K for 12 h and
subsequent flashing at 1473K for 1 min to degas the Hydrogen, Oxygen and
carbohydrates and organic contaminations. Finally, coaling the sample to room
temperature(RT) at a rate of about 0.5 degree/sec to reconstruct the Si atoms to
(2x1) structure and reducing the missing atoms and split dimmers defects , then
confirming the cleanness of Si(001)-(2x1)surface using STM, if the cleanness
and the free defect surface not confirmed so repeating flashing at 1473K for
1min and coaling the sample to RT at a rate of 0.5 degree/sec is required to

confirm the cleanness and defect free Si(001)-(2x1) surface.
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New
sample

Bake out the sample holder at
1273 K for two weeks

Prebaking (less than 873K ,12h)
Flashing (1473K , 1 min)
Cooling slowly ( 0.5 degree/ sec)

Clean
Si(001)
Surface

Flashing (1473K, 1 min)
Cooling slowly ( 0.5 degree/ sec)

Confirmation the cleanness of Si(001)
surface by STM

Figure 3.3 flaw chart describing the total process to fabricate a defect free
Si(001)-(2x1) surface step by step.
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3.2 DAT deposition on Si(001) at low coverages

After confirmation the cleanness and defect free Si(001)-(2x1) surface
by STM technique in the main chamber, sample became ready to work as a
substrate for DAT molecules adsorption process, then the sample has been
transferred to the preparation chamber using control rods, the preparation
chamber was equipped with a molecule deposition apparatus (Figure 3.4 (a))
consisting of a tungsten carbide crucible wounded with a sheath heater with a
thermocouple, a water cooling jacket, and a mechanical shutter between the
crucible and a substrate. The crucible temperature was controlled by a digital
controller (LT350, CHINO Corp.).

DAT was purchased from Lancaster Synthesis and used after purified
three times by train sublimation method.[14] (DAT purification process
explained in details at the attached appendix). The DAT was evaporated by
heating the crucible containing the DAT at a temperature ranged from 418 to
433 K, which was below the DAT melting temperature of ~510 K, accompanied
by a rise of pressure below 10°Torr in the preparation chamber (Figure 3.4 (b)).
The substrate temperature was RT (not controlled intentionally). The DAT
coverage was monitored by a quartz thickness monitor (CRTM-9000, ULVAC,
Inc.), and controlled by the mechanical shutter from a few seconds to a few
minutes, by controlling the opening time of the shutter with a certain flux, we
can control and calibrate the depositing amount, after finishing the depositing
process, sample has been transferred to the preparation chamber using the
control rods through the gate between the depositing chamber and preparation
chamber then transferred again to the STM main chamber through the gate
between the preparation chamber and main chamber, then confirm the
depositing process and observe the phenomena of DAT configurations on
Si(001) surface using STM .
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surface

Surface

Stopwatch

Figure 3.4 (a) the depositing apparatus and (b) model of the depositing process.
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The STM images were acquired at a constant current of 0.05 to 0.1 nA
and a tip bias voltage of +1.5V (filled state). Furthermore, we annealed the
samples at a substrate temperature of 423 for 10 min by passing a DC current
into the substrate after DAT deposition to examine the change in DAT

configuration on the Si(001) surface.
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3.3 Model calculation of DAT on Si(001)

Oda etal. [15], conducted the density functional theory (DFT)
calculations for stable configurations of DAT on a Si(001)-(2x1) surface with
the tilted angles between DAT molecules and Si(001) dimer lines at 17°and 0°
after our request depending on our experimental results, the DFT calculations
done for three deferent configurations, the first one non adsorbed DAT molecule
have a separated distance to Si(001) surface, and two adsorbed configurations
0° and 17°, because the separation distance between DAT and Si(001) surface in
the non-adsorbed model case, so the interaction between DAT and silicon atoms

can be neglected (Figure 3.5).

Figure 3.5 Schematic diagram of non-adsorbed model.[15]
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So, the total energy of the non-adsorbed model to 0.0 eV. The total
energy for configuration at 17° and 0° was -2.34 eV and -1.66 eV, respectively,
referring to the total energy of 0.0 eV for a system consisting of a Si(001)-(2x1)
surface and a DAT molecule separated from the surface. The difference in the
total energy by 0.68 eV indicates that the configuration of DAT at 17° was
stable. Figure 3.6 and Figure 3.7 show the models of DAT configurations at 17°
and 0° respectively, which were reproduced from the optimized configurations
in ref.15.

From the chemical configuration, the stability at 17° is related to three
chemical bonds to the Si surface: each of two amino groups at both ends of a
DAT covalently bonds to a Si atom of a dimer, and the center benzene ring
forms a butterfly-like bond [16] with a Si dimer.

Noted that the two amino groups are bonded to respective Si atoms on the
opposite sides of the same dimer row. Consequently, since the DAT takes the so-

called butterfly configuration of a double arch shape on the Si(001) surface

For a model of the DAT with the tilted angle of 0° (Figure 3.6), while the
two amino groups at both ends of the DAT are bonded to respective Si atoms on
the one side of a Si dimer row, there is no butterfly-like bond, resulting in an
upward arch of the main framework of the DAT. Accordingly, the protrusion
with the tilted angle of 0°
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(a)

Figure 3.6 Schematic diagram of 0° configuration model.[15]
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Figure 3.7 Schematic diagram of 17° configuration model.[15]
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3.4 Preparation and evaluation of STM tungsten tips

We demonstrated the liquid metal electrode method to reproducibly fabricate a
sharpened W tip for STM. We can make the metal wire in contact with the
liquid metal electrode in low stress but in good electric contact, leading to less
mechanical tear-off. An elongated sharp W tip with a diameter of 100 nm over a
length of 1 um was formed; this is preferable to apply the build-up process to
prepare an atomically sharpened tip for STM.[17]

3.1.1 Introduction of preparation of electrochemical etching of W tip

STM is powerful to observe surface topography on an atomic scale using
tunneling current depending on the separation between a sample and a
sharpened tip in close proximity [18]. Since the spatial resolution of STM is
dominated by the sharpness of the tip, a number of methods to fabricate a
sharpened tip were reported [19-23].

In general, the STM tips are made by electrochemical etching of various
metal wires [24] : for example, W [25], Ni [26], Co [27], Pt, Ir, Au, Pd, Rh [28];
In these reports apparatuses for electrochemical etching were developed to
obtain sharpened tips. Development of methods to prepare tips with controllable
profiles by electrochemical etching has continued for a wide variety of technical
applications including electron emitter, ion-beam emitter, point contacts in
conductance measurements, etc.

The conditions for electrochemical etching were systematically examined
using a metal ring electrode to obtain better profiles of the tip, while the tension
on the wire affected the sharpness of obtained tips [29]. A small contact
potential difference between the wire and the electrode also changed the blunt
shape of the tip [30]. Furthermore, by applying pulse trains of bias voltage
between the wire and the electrode using a function generator, the tip profiles
were controlled owing to anion distribution change surrounding the wire in an
electrolyte solution [31].

In order to prepare tips in desired profiles, there has still been room to be
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examined in electrochemical etching methods. In this study, a novel method is
presented to fabricate a sharpened tip with an elongated shank by
electrochemical etching using liquid metal gallium (Ga) as an electrode without
specific electronic circuits.

The one end of wire is in touch to the liquid metal electrode with a good
electrical contact due to its wettability and lightly supported with damping by its
viscosity, which prevents the wire from mechanically tearing-off. The
electrochemical etching is automatically stopped just after the wire breaks into
two pieces, resulting in leaving a sharpened tip end. The tips prepared by this
method are examined by scanning electron microscopy (SEM) and field
emission microscopy (FEM), and used in STM observation.

3.1.2 Preparation method

First, a typical setup for electrochemical etching of the tip is shown in
Figure 3.8(a), which was used before in our lab. A ring of Pt wire was placed
horizontally, in which an electrolyte solution was held in meniscus under
surface tension onto the ring. A cut of metal wire for the tip was inserted into the
solution by pinching its top end with a metal clamp.

As the etching progressed by passing current between the ring and the
clamp, a part of the metal wire immersed in the solution became thin, and
finally broke into two pieces; both of which were used for an STM tip. To catch
the dropped piece, a receiver of a small tubular container was placed under the
wire. Immediately after the wire broke into the two pieces, the electrochemical
etching for the dropped piece automatically stopped, because this piece came
off from the loop of etching current through the Pt ring, the solution, the clamp,
and an electric power supply.

To quickly drop the piece from the solution to avoid further chemical
corrosion in the etching solution, a long cut of metal wire or a weight was
attached at the bottom of the wire [27,32]. There was, however, a tendency that
the end of broken piece exhibited slightly rugged after the piece was torn off;
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the wire broke into the two pieces before the thinning part was completely
electrochemically etched. An example of a bent tip mechanically torn-off in the

setup is shown in SEM images in Figure 3.8(b).
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Ptring—,. power supply
Cut of
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Container
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Figure 3.8 (a) Schematic of a typical setup to fabricate STM tips by
electrochemical etching in a meniscus solution in a Pt ring. (b) SEM image of a
bent tip of polycrystalline W wire prepared using this setup, as an example.

Inset shows a magnified image of the tip.
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Next, the schematic diagram of the present setup developed in this study
and its photos are shown in Figure 3.9 and Figure 3.10, respectively. This
apparatus is similar to that shown in Figure 3.8, except for the bottom part,
where the cut of metal wire is in contact with a liquid metal electrode of Ga
having high wettability to the wire. Mercury (Hg) is also usable as a liquid
metal electrode but should be avoided because of the toxicity of Hg. A Pt wire
of ring was wounded with a polyimide-coated Cu fine wire of 0.15 mm in
diameter, which was employed as a small heater, shown in Figure 3.10(b).

At first we soaked the Pt ring in a melting Ga lump slightly heated at a
temperature higher than the Ga melting temperature of 29°C, and pulled up the
ring from the lump, resulting in a film of Ga held onto the ring. To keep the Ga
film in a liquid state, a current of about 0.2 A at 0.1 V into the Cu wire was
passed to heat it above 29 C. A cut of metal wire for the tip was inserted into the
liquid metal film, and the film was broken. Subsequently, the Pt ring, on which
the small droplets of liquid Ga remained, was positioned to touch the bottom of
the wire to the droplet, shown in Figure 3.10(c). The droplet can maintain the
contact with the surface tension and viscosity of melting Ga. Then, the wire was
held in very low stress and in good electric contact with the Pt ring at the
bottom of the wire. In our practical way, the cut of the wire was mounted on a
tip holder of STM, located at the top of Figure 3.9 (the detail is not shown),
after the wire was spot welded to a metal loop of W wire; the loop was used to
heat the tip in ultra-high vacuum (UHV) for degas and build-up process by
passing current into the loop and applying a high voltage before STM
observation, as mentioned in experiment section. When the wire was
electrochemically etched, the wire pointed downward, penetrated the film of
etching solution in the upper Pt ring, and the bottom end of the wire touched the
liquid metal electrode on the lower Pt ring. When the electrochemical etching
was completed, that is, the wire split into two pieces, the circuit of
electrochemical etching of the upper piece opened instantaneously, and no
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further etching current passed to the upper piece. Thus, no additional switching
circuit was required to stop the etching current. Since the upper piece was
mounted on the STM tip holder, the tip for STM observation can be used
Immediately without resetting it into other holders. In practice, an overplus
lengthy part of the wire, about 10 mm longer than a finally desired length as the
STM tip, was required for the etching. In the case of a shorter metal wire used
in this etching process, an additional length of wire was attached at the end of
the metal wire with a bit of silver paste; the bottom of additional wire was in
contact with the liquid metal electrode.

Clamp (STM tip holder)

Electrolyte solution

¢ Electric

Upper Pt ring power supply

av”’
-
-

-----
e

Polyimide-coated

Lower Pt ring Cu wire as a heater

Figure 3.9 Schematic of the setup of electrochemical etching with a liquid metal
electrode.
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Pt wire ring wounded with

Pt wire ring ¥ s
polyimide jcoated Cu wire

Electrolyte
solution

Pt ring

Melting Ga

Figure 3.10 (a) Pt wire ring, (b) Pt wire of the ring is wounded with a
polyimide-coated Cu fine wire of 0.15 mm in diameter as a heater, and (c) photo
of the setup with a Pt ring (upper) and a Pt ring wounded the Cu wire (lower)
covered with liquid metal Ga.
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A [111]-oriented single crystal W rod (FEI Company) of 0.13 mm in
diameter was used to prepare an STM tip using the setup shown in Figure 3.2.
The rod was electrochemically etched in a solution of 4 mol/l KOH at a DC
voltage of 3 V applied to the rod, and split into the two pieces in about 5 min.
Subsequently, the upper piece on the STM tip holder was soon retracted and
used in the following experiments. After the tip was rinsed in hot water and
ethanol to remove salt residues out of the etching solution, the tip was observed
by SEM and FEM. A field emission SEM (S-5200, Hitachi High-Technologies
Corporation) and a home-made FEM combined with a home-made STM
operated in a UHV chamber with a base pressure of 2 x 10" Torr were used;
FEM/STM observations and tip treatments were conducted in the same stage
without tip transfer [33-35]. Before the FEM observation the tip was heated at
about 600°C for 6 h in the UHV chamber to remove overlayers covering the tip.

Furthermore, the tip was treated to be sharpened in a build-up process
of applying 3 kV and simultaneously heating at about 2000°C by passing an AC
current into the W loop as a thermal field treatment [35]; the W atoms on the tip
apex are polarized owing to the high electric field and diffuse at the high
temperature toward the apex of the [1 1 1] direction at higher electric field,
resulting in a sharper end of the tip. Using the treated tip, STM images of a
clean Si(1 1 1) =7 x 7 and a Si(0 0 1) — 2 x 1 reconstructed surface were

observed, which were prepared by flashing at 1250 °C in the UHV chamber.
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3.1.3 Evaluation of Preparation of law stress electrochemical etching of W
tip

Figure 3.11 shows SEM images of the W tip electrochemically etched
using the setup in Figures. 3.9 and 3.10. The tip radius was evaluated to be less
than 20 nm within the accuracy limited by a narrow focus depth of the SEM (S-
5200) for the three dimensional shape of the tip and by the growth of
contamination layers deposited with a focused electron beam at high
magnification. Just after etching current was shut off, the tip end was probably
sharper than 20 nm; the radius of tip apex slightly became larger owing to
overlayers growth such as oxides covering the tip apex while being transferred
in air. The diameter of the shank was less than about 100 nm over a length of 1
m from the tip end, which looks elongated compared with that fabricated by
conventional etching methods. This elongated fine shank indicates that use of
the liquid metal electrode reduces the effect of tear-off during the
electrochemical etching. The tip was treated in the build-up process in the UHV
chamber and observed by FEM [36]; a typical FEM image obtained after the
treatment is shown in Figure. 3.12(a), which was observed at an applying
voltage of —1.0 kV. The [1 1 1]-oriented W tip has a three-fold symmetry in
crystallography, and a facet of (1 1 1) at the center and three facets of {013}
around the (1 1 1) facet on the tip end have work functions lower than those of
the other facets, from where electrons are easily field-emitted.

Consequently, FEM images of a dull tip of [1 1 1]-oriented W usually
show a bright wide pattern around the center of a FEM screen with three-fold
symmetry. For facetted sharper tips prepared by applying a high voltage at a
high temperature the FEM patterns show one bright spot at the center of the
image, corresponding to the field emission from the [111]-oriented protrusion,
accompanied by three bright spots surrounding the center spot with the three-

fold symmetry, corresponding to the <013>-oriented protrusions.
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Figure 3.11 (a) SEM image of a W tip fabricated in the procedure using the
liquid metal electrode. (b) Magnified SEM image of the apex in (a).
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On the other hand, in the FEM image in Figure 3.12, we observed only
one prominent bright spot of the [111]-oriented protrusion at the center after an
optimizing build-up process [33]. This indicates that the W tip atomically
protruded to only the [111] direction of the tip axis; a small pyramidal atomic
structure as a protrusion to the [111] orientation was probably formed, as shown
in Figure 3.12(b).The build-up process of the tip was achieved reproducibly and
easily with the tip fabricated in the process using the liquid metal electrode. It is
probable that the fine tip elongated over 1 um, as shown in Figure 3.11 of the
SEM image, is preferable to carry out the build-up process, because the high

electric field is easily concentrated at the apex of the elongated tip.
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(121

Figure 3.12 (a) FEM image at -1.0 kV of a build-up W tip fabricated in the
procedure using the liquid metal electrode. A faint bright arch on upper
right is the discharge of peripheral area of a micro-channel plate with a
phosphor screen for FEM. (b) model of a [111]-oriented build-up W tip
surrounded with facets of {110} and {211}. The confined sharp region of
(111) plane with a low work function, depicted in green at the center, can
easily field-emit electrons, which corresponds to the bright spot at the

center in (a).
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Figure 3.13 STM images taken with W tips fabricated using the liquid
metal electrode.(a)STM imageof a Si(111)-7x7 surface; scanning area:
about 18 nm x 27 nm, tunneling current: 0.05 nA, tip voltage: -1.5 V.
(b)Si(001)-2x1 surface; scanning area: about 36 nm x 38 nm; tunneling

current: 0.1 nA, tip voltage: 1.5 V.
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Using this tip after the FEM observation we brought the tip closer to
sample surfaces and succeeded in observing stable atom-resolved STM images
of Si(111)-7x7 and Si(001)-2x1,as shown in Figure 3.13. Using the method with
the liquid metal electrode demonstrated in this study, we can prepare an
elongated W tip with a diameter less than 100 nm and as long as 1 um. It is
expected that the diameter of the thinning elongated part can be as small as 1
nm just before the wire is split. Since the Fermi wavelength of metals is of the
order of A, the quantum mechanical quantized conductance [35] may emerge in
the thinning part. The quantized conductance was reported by methods of
electroplating combined with etching [36], mechanically controlled break
junctions [37], STM [38]and so on.

Those methods were applied to detection of quantized conductance for
soft or polycrystalline metals such as Au, but not for brittle metals as W. It is
worth while pointing out that this method using the liquid metal electrode is
applicable to the formation of a fine wire of brittle metals where the
conductance is quantized due to the quantum mechanical effect. The
conductance in the wire even during etching is possibly detected by
electrochemical techniques using a potential stat or a lock-in amplifier with AC

modulation to separate the electrochemical etching current.
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4 Results and Discussion:
4.1 STM observation of Si(001)

The nature of the Si(001) surface and its special structure, such as, the
high number of free dangling bonds compare with dangling bonds in Si(111)
case which make the surface so sensitive to interact with oxygen, hydrogen,
metals and hydrocarbons contaminations, the special structure of the surface and
the dimer lines formations (Figure 4.1), and the two different kinds steps traces,
all these conditions and complicated structure make the fabrication of the
perfect, clean and defects free reconstructed Si(001) (2x1) so difficult and
complicated, so STM observation for the cleanness process step by step is the
best way to establish a reproducible method to fabricate clean Si(001) surface,
in this chapter, | will gradually explain the process to fabricate a defect free
Si(001) using STM images to confirm the reproducibility for every step.

By changing the tip bias voltage and the tunneling current, more deeply
observations of the details of the structure of the surface which support and
clearly identify a deeply interpretations about the alignment of the Silicon atoms,
the defects kinds and concentrations, and, to distinguish the different kinds of
the contaminations.

Using our special method to fabricate defect free and clean Si(001) (2x1)
surface and confirm the steps of the flowchart (was explained in chapter 3) step

by step using STM will explain in details.
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Figure 4.1 Top and side views for the expected clean Si(001) surface,

Dimer lines appear in pink color and dangling bonds in green color.
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There are large step density on the surface, step structure of the
Si(001)(2x1) surface shows two different kinds of steps ( Figure 4.2) though this
can vary from area to area. because of the (2x1) periodicity: one where the
dimer rows in the upper terrace are parallel to the step edge (A-type) and the

other where they are perpendicular to the step edge (B-type).
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Figure 4.2 model for the clean Si(001) surface shows the step structure of the

surface and the two kinds of the steps A and B.
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4.1.1 Contaminations defects

There are many kinds of contaminations which cover the received
silicon wafer, such as, Oxygen , Hydrogen termination, metallic contaminations

and hydrocarbons contaminations.

Degassing the received sample for 12 hours at 873K is enough to clean
the sample surface from some of these contaminations such as, hydrogen,

metallic and organic contaminations.

Flashing sample surface in UHV conditions (less than 3x10™* torr) at a
temperature more than 673K is enough to remove Hydrogen atoms from the
sample surface, at 1073K is convenient to remove Oxygen atoms from the
surface and more than 1473K is the best temperature to remove the
hydrocarbons contaminations and to confirm that the surface is free from any
kind of contaminations, so we fixed the flashing temperature in our
experimental method ranging from 1473K to 1533K for 1 min at UHV
conditions mentioned before, Figure 4.3 shows some examples of our STM

observations for the contaminations on the Si(001) surface.
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Figure 4.3 STM images of some kinds of contaminations (a) hydrocarbon

contaminations, (b) and (c) metallic contaminations.
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4.1.2 Missing atoms and dimer split defects

After flashing the sample to remove the contaminations from the sample
surface, an annealing process is required to reconstruct the Si(001) (2x1) surface,
the annealing process meet some challenging, the reconstruction process need,
from 30 to 60 minutes annealing at 1273K, at the same time the good vacuum
conditions is so important during the annealing process to reduce any possibility
to adsorb any kind of contaminations, but keeping the sample temperature at
1273K for 60 minutes at a good vacuum conditions is a big challenging , once
the base pressure increase more than 3x10™ torr, a fast temperature decreasing
Is required to recover the vacuum conditions again, the fast coaling usually
form other kinds of contaminations, missing atoms (Figure 4.4 and 4.5) and split

dimer lines (Figure 4.6).

To solve this problem , a new reproducible method established to
expand annealing time for Si(001)(2x1) reconstruction without losing the best
vacuum conditions, our method depending on decreasing the temperature to the
room temperature slowly with the rate of about 0.5 degree/s. using this
method we succeeded to fabricate clean and low defect concentrations of
Si(001)(2x1) and the reproducibility confirmed by STM as shown in Figure 4.7.
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Figure 4.4 Model for Si(001) surface with missing atoms defect, the red arrows

show the positions of the missing atoms defects.
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Figure 4.5 STM images show the missing atoms defects.
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Figure 4.6 STM images show the split dimers defects.
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Figure 4.7 STM images for clean Si(001) surface with law defects concentration.
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4.2 DAT deposited on Si(001) at low coverages
4.2.1 STM results of DAT deposited on Si(001) at low coverages

As described before in chapter 3, that the DAT was evaporated by
heating the crucible containing the DAT at a temperature ranged from 418 to
433 K, which was below the DAT melting temperature of ~510 K, the
depositing amount of the DAT molecules on the Si(001) surface can be
controlled by controlling the opening time of the mechanical shutter ranging

from a few seconds to a few minutes.

Figure 4.8 shows atypical STM image of a clean Si(001)-(2x1)surface
with Si dimer rows and single atomic-height steps, and, (b) and (c) show STM
images of a Si(001)-(2x1)covered with DAT molecules at increasing deposition
amounts; the shutter opening time for the sample in (c) was 2.5 times longer
than that in (b) Bright protrusions were found on the Si dimer rows in Figure 4.8
(b) and (c), and the shapes of protrusions were mostly elongated. Since the
number of protrusions increased with extending shutter opening time, the

protrusions were attributed to DAT molecules.
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Figure 4.8 STM images taken at lyme = 0.1 nA, Vi, = +1.5 V. (a) a clean
Si(001)-(2x1), (b) and (c) DAT deposited on the Si(001)-(2x1)at RT with a

coverage at ~0.04 molecule/nm?.
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10nm

Figure 4.9 STM images taken at lyne = 0.1 NA, Vi, = +1.5 V, for a coverage at
~0.1 molecule/nm?. scanning area: 35x35nm?.
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The increase in the number of protrusions had also been confirmed using
the same setup for DAT on a Si(111)-7x7 surface and examined by STM shown
in Figure 4.10. Assuming that each protrusion on the Si(001)-(2x1) surface
corresponds to one DAT molecule, the deposition amount in (b) and (c) was
calibrated to ~0.04 and 0.1 molecule/nm?, respectively. The length of elongated
ones was roughly close to that of DAT, ~1.5 nm. This was different from that of
DAT at a slant on the Si(111)-7x7 surface imaged as spherical ones of ~1 nm in

diameter. [1]

The adsorption of (DAT) on Si(111)-7 x 7 at room temperature (RT) is
examined using X-ray photo electron spectroscopy (XPS) shown in Figure 4.11.
At low coverages of DAT, the XPS peak from N(1s) in two amino groups of a
DAT is decomposed into two peaks with almost the same intensity,
corresponding to the binding state of a N atom in Si-NH-terphenyl and to that in
NH,-terphenyl, respectively. This indicates that the DAT is chemically bonded
to the Si surface even at RT through one amino group at one end of the DAT,

and the other amino group at the other end is intact (Figure 4.10 (c)). [1]

But in the present work using Si(001) substrate, It is presumable that
the elongated shape corresponded to each DAT with the linear framework of
terphenyl lying down laterally on the Si(001) surface, although the shape was
not unique probably due to a variety of adsorption configurations of the DAT on
it.
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| Si(111)-7x7 surface |

Figure 4.10 STM images of Si(111)-7 X 7 surfaces covered with DAT at (a)
0.2 molecule/unit cell , (b) 0.8 molecule/unit cell. Scanning area: about 18 nm
X12 nm. STM imaging conditions: Vi, = -1.5 V, | yne = 0.05 nA and (c)

Intuitive model for the initial adsorption of DAT on Si(111)-7 X 7. [1]
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Figure 4.11 XPS spectra of Si(111)-7 x 7 surfaces without DAT deposition and

covered with 1.2, 2.7, 36, and 100 molecules/unit cell of DAT. For 100

molecules/unit cell, the intensity is plotted on a scale of one-eighth. [1]
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In the present work using Si(001) substrate, STM images the DAT
molecules were observed as bright protrusions on the dimer rows of Si(001)-
(2x1). The bright protrusions were occasionally resolved to arrays of two bright
spots at a separation of DAT molecular length with one less-bright protrusion in

between, depending on the adsorption configuration.

This is attributed to electron tunneling to the occupied states of the three
phenyl rings of DAT from an STM tip. The molecules laterally oriented their
axes along the phenyl rings to specific directions; about sixty percent of the
molecules shifted their axis by 17° with respect to the dimer rows of Si(001)-
(2x1). Sixteen percent of the molecules exhibited a shift of 8°, and twelve

percent of the molecules were aligned with the dimer rows.

Ten, twenty-two and twenty-five degrees were also found as the shift
angles in minor cases. Assuming that one DAT molecule is anchored to two
separated Si dimers through two amino groups at both ends of the DAT, the
chemical structure of DAT well matches to the positions of two separated

dimers when the shift angle of DAT to the dimer row is 17°.

The distortion of the molecular structure is probably minimized in the case; the
DAT molecules were stably observed during STM scanning. The results of STM
observation statistically plotted in the histograms of the tilted angels shown in
Figure 4.12.
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Figure 4.12 Histogram of the tilted angle of a DAT molecule with respect to the

direction of dimer row of Si(001)-(2x1), which was deposited at room

temperature.
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4.2.2 XPS results of DAT deposited on Si(001).

XPS results of depositing DAT molecules on Si(001) surface at
different coverage ranging gradually from 0.05 to 24 molecule/nm®* |
Figure 4.13 shows that the XPS peak from N(1s) in two amino groups
of a DAT is decomposed into two peaks at low coverages of DAT
corresponding to the binding state of a N atom in Si-NH-terphenyl, and
one peak at high coverage of DAT corresponding to that in NH,-
terphenyl. This indicates that the DAT is chemically bonded to the
Si(001) surface even at RT at low coverages and the DAT is physically
adsorbed on Si(001) surface at at high coverage of DAT. The XPS
analysis for each depositing amounts shown in (Figures 4.14 to 4.19).

In 0.05 molecule/nm? (low coverage) case (Figure 4.14), the XPS
energy peak from N(1s) in two amino groups of a DAT is disappear, meaning
this depositing amount is lower than the minimum amount which can be
detected by XPS.

In 0.1 molecule/nm?® case (Figure 4.15), the XPS energy peak from
N(1s) in two amino groups of a DAT is decomposed into two peaks at
approximate binding energies 398 and 399.5 eV, at this depositing amount of
DAT on Si(001) surface, there are at least two different configurations of DAT

molecules bonded to Si(001) surface.

In 0.24 molecule /nm? case (Figure 4.16), the XPS energy peak from
N(1s) in two amino groups of a DAT is decomposed into two peaks at
approximate binding energies 399 and 400 eV which reflect the average binding
energy for the different configurations of DAT chemically bonded and

physically adsorbed on Si(001) surface.
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In 1.2 molecule /nm? case (Figure 4.17), the XPS energy peak from
N(1s) in two amino groups of a DAT is at approximate binding energy 400 eV
show that most of DAT molecules are free and physically adsorbed on Si(001)

surface.

In 2.4 molecule /nm? case (Figure 4.18), the XPS energy peak from
N(1s) in two amino groups of a DAT is decomposed into two peaks at
approximate binding energies 399.5 and 400 eV which reflect the physically

adsorbed DAT molecules on Si(001) surface at high coverage.

In 24 molecule /nm? case (Figure 4.19), the XPS energy from N(1s) in
two amino groups of a DAT appears as only one peak at approximate binding
energies 400 eV, corresponding to the binding state of a N atom in NH,-
terphenyl of the physical adsorption of DAT molecules on Si(001) surface at
very high coverage ( 25 layers) .

As conclusion, at low coverages ranging from 0.05 to 0.24 molecule
Inm?, there are two energies from N(1s) in two amino groups of a DAT related
to the configurations of the adsorbed DAT molecules on Si(001) surface at
average 399 eV, corresponding to the 17° configuration and the other
configurations, i.e 0°, 8° and others, which is in agreement with the STM results
and the histogram described in Figure 4.12. By increasing the depositing
amount 5 and 10 times (1.2 and 2.4 molecule /nm?) the peak of corresponding to
a N atom in NH,-terphenyl of the physical adsorbed DAT molecules at 400 eV
appeared clearly. Increasing the depositing more and more to 24 molecule /nm?
(25 layers), only one peak appears at 400 eV corresponding to a N atom in NH,-
terphenyl of the physical adsorbed DAT molecules.
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Figure 4.13 XPS spectra of (N1s) of Si(001)(2x1) covered with 0.05,0.1,
0.24,1.2, 2.4 and 24 molecule/nm® of DAT.
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Figure 4.14 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 0.05 molecule/nm?.
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Figure 4.15 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 0.1 molecule/nm?.
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Figure 4.16 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 0.24 molecule/nm?.
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Figure 4.17 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 1.2 molecule/nm?.
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Figure 4.18 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 2.4 molecule/nm?.
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Figure 4.19 XPS spectra of (N1s) of DAT deposition on Si(001) surface covered

with 24 molecule/nm?,
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The XPS analysis show the effect of the oxidation and contaminations
which happened by exposing the sample to the air, by changing the depositing
amount of DAT molecules on Si(001) surface and observe the changing of Ols
and Cls peaks as shown in Figure 4.20 and 4.21, Ols peaks show some
scattered intensities if the depositing amount below the depositing amount close
to monolayer (1.2 molecule/nm?) and decreasing trend of intensities after
depositing more than monolayer which mean that the DAT monolayer protect
the Si(001) surface from oxidation process, on the other hand the Cls peaks
show that the intensities directly proportional with the depositing amount which
reflect the increasing of the Carbon atoms intensity of DAT molecules by

increasing the depositing amount as shown in Figure 4.22.

Clean Si(01)
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Figure 4.20 XPS spectra of O1s of Si(001)(2x1) surfaces without DAT
deposition and covered with 0.05,0.1, 0.24,1.2, 2.4 and 24 molecule/nm?® of DAT.
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Figure 4.21 XPS spectra of Cls of Si(001)(2x1) surfaces without DAT
deposition and covered with 0.05,0.1, 0.24,1.2, 2.4 and 24 molecule/nm?® of DAT.
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Figure 4.22 Evaluation trends of Ol1s and C1s of XPS results for Si(001)(2x1)
surfaces without DAT deposition and covered with 0.05,0.1, 0.24,1.2, 2.4 and

24 molecule/nm? of DAT.
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4.3 Alignments of DAT on Si(001)

The alignments of DAT molecules adsorbed on Si(001) surface was
examined after annealing at 523 K for 1 min by STM at low coverages Figure
4.23 (a) and (b) show the STM images for 0.02 and 0.1 molecules/nm?,

respectively.

In Figure 4.23 (b) some DATSs lined up at a preferential orientation of 20-
25° an about 45° with respect to the Si dimer row; some of them are denoted by
arrows and ovals, respectively. We propose a model for the ordered alignment,
in Figure 4.23 (c), model consisting of parallel aligned DATSs at the tilted angle
of 17° with a relative shift of the interval of Si dimers on the next dimer row,
which ideally leads to the ordered DAT orientation of 20-25° or 45°. The
anchoring points through the amino groups of the DATs are on a Si atom of the
dimers. If the DATSs are not parallel each other, the repulsive interaction between
the phenyl rings on the arches of neighboring DATs becomes strong and

possibly makes the ordering of them parallel.

The number at 17° increased to about 80%, while the number at 8° and
0° decreased less than 15% and the others diminished within our total counting
of about 250 protrusions, as the histogram is shown in Figure 4.24. It is
probable that the protrusion at 17° was the most stable irrespective of annealing,
corresponding to a chemical configuration of DAT absorbed on the Si(001)-

(2x1) surface.
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Figure 4.23 STM images of DAT molecules on the Si(001)-(2x1) surface after
annealing (a) at a low coverage of 0.02 molecule/nm?,(b) at 0.1 molecule/nm?,

and (c) a model proposed for the ordering arrangements of DATS.
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Figure 4.24 Histogram of the tilted angle of a DAT molecule with respect to the
direction of dimer row of Si(001)-(2x1), after annealing at 523 K for 1 min.
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4.4  Fabrication of one monolayer of DAT on Si(001)

The deposition amount of DAT was increased to 0.24 molecule/nm?
and annealed at 523 K for 1 min. Figure 4.25 shows the typical STM images of
the sample with an DAT over layer with a noticeable linearly ordered structure

running to the direction of about 22° with respect to the Si dimer row.

The direction of 22° seems to be caused by shifting the anchoring
position of the DATs on the next dimer row by one-dimer interval along the
dimer row. This reduces the repulsive interaction between neighboring DATS,
because the separation among the phenyl rings of DATs on the neighboring
dimer rows becomes wider. Noted that the ordered region extended much over
an averaged one-terrace width of the Si(001) surface. In addition, we observed
the regions of linearly ordered structure running to the direction with the mirror-
symmetry of Si(001), namely, the grains of the structure. This may lead to thin
film crystal growth of DAT. The reason why the linearly ordered structure
covered the wide region over the terraces and steps of the substrate even at the

thin layer is unclear at present.

Because, the depositing process depending on gradually depositing
DAT molecules on Si(001) surface which look like pulses of DAT, the
orientation of the first deposing pulse, control the depositing alignment even on
fabrication of monolayer or less than that, this complicated adsorption
phenomena forming many different kinds of alignment shapes depending on
the fist pulse alignment, and many models are expected for example, Figure
4.25 (c) and Figure 4.26 (e).
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Figure 4.25 (a), (b) STM images of DAT molecules on the Si(001)-(2x1)
surface after annealing at 523 K for 1 min, scanning area: 35x35nm?, and (c)

expecting model for the STM images in (a) and (b).
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Figure 4.26 (a), (b), (c) and (d) STM images of DAT molecules on the Si(001)-
(2x1) surface after annealing at 523 K for 1 min, (e) expecting model.
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Figure 4.27 STM images of DAT molecules on the Si(001)-(2x1) surface after

annealing at 523 K for 1 min in wide scanning area.
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4.5 Stable structures of DAT on Si(001)

Some elongated protrusions looked tilting with respect to the direction
of the underlying Si dimer row with several specific angles. Figure 4.28 shows
typical protrusions with specific tilted angles, illustrated in zoomed STM

Images obtained using the same tip without any accidental tip change.

The tilted angle of the majority (larger than 50%) of elongated
protrusions was about 17°, in Figure 4.28 (b). The angle of the second majority

and the third was about 8° and 0°, respectively, in Figure 4.28 (c) and (d).

The protrusions at the angle of 17° usually possessed two, or
occasionally three bumps depending on the tip conditions. The protrusions at 8°
possessed one or two bumps, and almost the protrusions at 0° possessed one

bump.

The line profiles along the elongated protrusions are shown in Figure
4.28, the averaged top height of profiles at 17° was about 0.08 nm, ranged from
0.06 to 0.13 nm, which was measured from the top of the Si dimer. The
averaged height at 8° was about 0.1 nm, ranged from 0.06 to 0.13 nm, and the

height at 0° was 0.14 nm, ranged from 0.09 to 0.18 nm, respectively.

The protrusions with the height above 0.12 nm exhibited one bump,
while the protrusions below 0.1 nm tended to have two bumps( Figure 4.29).
The variety of their height and the number of bumps indicated the variation of
the chemical configuration of DAT on the Si(001) surface. The appearance
change in terms of the number of bumps should be related to the chemical
conformation of DAT as well as the chemical bonds between DAT and Si
dimers, because the tunneling conductance possibly changes locally in the

electronic states of the chemical bonds.
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The frequency of the tilted angles of about 250 protrusions on samples
with coverage of ~0.04 molecule/nm® was statistically counted, and the
histogram of the angles was made, as shown in Figure 4.30. The frequency of
protrusions at about 17° was larger than 50%, and the frequency at about 8° and

0° was about 15 %, and 12 %, respectively.

After annealing at 523 K for 1 min, the number at the tilted angled of
17° was still the most abundant (more than 80%), while the number at 8° and 0°
decreased less than 15% and the others diminished within our total counting of
about 250 protrusions as shown in the histogram in Figure 4.31. This implies
that the configuration of the protrusion at 17° was so stable probably due to the
chemical bonding of the DAT to the Si(001)-(2x1) surface.
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Figure 4.28 (a) STM image, the red arrows show 17°,8° and 0° (b) STM image,
chemical model overlapped and line profile of DAT on the Si(001)-(2x1) with a
tilted angle of17°,(c) with a tiltied angle of 8° and (d) with a tiltied angle of 0°.
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Figure 4.29 (a) STM image of 70 DAT molecules on Si(001) Surface,(b)

categorization histogram explains the relations between the heights of the DAT

molecules, the number of pikes for every DAT protrusion and their counts.
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Figure 4.30 categorization histogram explains the relations between the heights
of the DAT molecules, the tilted angles for every DAT protrusion and their

counts.
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Figure 4.31 categorization histogram explains the relations between the heights
of the DAT molecules, the tilted angles for every DAT protrusion and their

counts after annealing.
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As interpreted in chapter 3, Oda conducted the density functional theory
(DFT) calculations for stable alignment of DAT on a Si(001)-(2x1) surface with
the tilted angles of 17° and 0°.[2] The total energy for configuration at 17° and
0° was -2.34 eV and -1.66 eV, respectively, referring to the total energy of 0.0
eV for a system consisting of a Si(001)-(2x1) surface and a DAT molecule
separated from the surface. The difference in the total energy by 0.68 eV

indicates that the configuration of DAT at 17° was stable.

Figures 4.32 and 4.34 show the models of DAT configurations at 17°
and 0°, which were reproduced from the optimized configurations in ref.2. The
stability at 17° was ascribed to three chemical bonds to the Si surface: each of
two amino groups at both ends of a DAT covalently bonds to a Si atom of a
dimer, and the center benzene ring forms a butterfly-like bond [3] with a Si
dimer. Noted that the two amino groups are bonded to respective Si atoms on

the opposite sides of the same dimer row.

Consequently, since the DAT takes the so-called butterfly configuration
of a double arch shape on the Si(001) surface, the double arch is seemingly
Imaged as two bright bumps in the STM images. Each bright bump of the DAT
looked slightly shifted outward to the position of the amino group possibly
owing to the change in the electronic states caused by the chemical bonding

between the amino group and the underneath Si atom.

For a model of the DAT with the tilted angle of 0° (Figure 4.34), while
the two amino groups at both ends of the DAT are bonded to respective Si atoms
on the one side of a Si dimer row, there is no butterfly-like bond, resulting in an
upward arch of the main framework of the DAT. Accordingly, the protrusion

with the tilted angle of 0° possibly looked one bump at its center.
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For the protrusion with the tilted angle of 8°, since one bump was
observed, it is reasonable to interpret the DAT structure as the arch similar to
that for 0°. Here a model for 8°, in Figure 4.33, is proposed using analogy of the
model for 0° but the two amino groups chemically bonded to respective Si

atoms on the opposite sides of a Si dimer row.

Experimentally the line profile of DAT at 0° showed higher at the center
than that at 8°, as shown in Figure 4.28. Since the separation of chemical bonds
of amino groups to the Si atoms in the model at 0° is slightly closer than that for
8°, the compression for 0° possibly makes the framework of DAT bent more

upward than that for 8°.

Here we discuss the conformational relationship among the
configurations with the three tilted angles. As the first adsorption step of a
randomly-oriented DAT as vapor onto the Si(001) surface, it is likely that one
amino group of DAT is covalently bonded to a Si atom of a dimer through H-

dissociated bond formation.

After the one end of the DAT is anchored at the Si atom through the
amino group, the DAT is thermally vibrating and rotating around the Si atom
until the other amino group of DAT is bonded to another Si atom. This Si atom
Is one of the Si dimer separated by a distance of four-Si dimer interval along a
Si dimer row from the initially anchoring Si atom, since the distance is very
close to the length of a DAT, resulting in an arched conformation of DAT, as
shown in Figures 4.33 and 4.34. There are two possibilities to select the one Si
atom out of the Si dimer: one is on the same side of the dimer row with the
initially anchoring Si atom, and the other is on the opposite side of the dimer
row, corresponding to the configuration of the tilted angle of 0° and 8°,

respectively.
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The buckling arch of DAT more likely transforms to the butterfly-like
double-arched structure at the tilted angle of 17° through the chemical bonding
of the center benzene ring to a Si dimer. This binding energy should exceed the
strained energy of the double-arched structure, leading to the more stable
configuration of the DAT at 17° on the Si(001)-(2x1) surface.
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Figure 4.32 Top and side view of models for chemical bonding configurations
of a DAT on the Si(001)-(2x1) (a) for a tilted angle of 17° were reproduced

from those in ref. 3 using Material Studio [4].
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Figure 4.33 Top and side view of models for chemical bonding configurations

of a DAT on the Si(001)-(2x1) (a) for a tilted angle of 8° using Material Studio

[4].
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Figure 4.34 Top and side view of models for chemical bonding configurations
of a DAT on the Si(001)-(2x1) (a) for a tilted angle of 0° were reproduced from
those in ref. 3 using Material Studio [4].
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Conclusions

The DAT molecules deposited on a Si(001)-(2x1) surface at RT and after
annealed was observed by STM which appear as elongated protrusions. Some
elongated protrusions looked tilting with respect to the underlying Si dimer row
with several specific angles. The tilted angle of the majority (larger than 50%)
of elongated protrusions was about 17°,the angle of the second majority and the
third was about 8° and 0° respectively.

The alignments of DAT molecules adsorbed on Si(001) surface was
examined after annealing at 523 K for 1 min by STM at low coverages. The
number at 17° increased to about 80%, while the number at 8° and 0° decreased
less than 15% and the others diminished within our total counting of about 250
protrusions. It is probable that the protrusion at 17° was the most stable
irrespective of annealing, corresponding to a chemical configuration of DAT
absorbed on the Si(001)-(2x1) surface.

The appearance of protrusions of DAT in STM images supported the
models for 17° and 0°, proposed by Oda; the DATs chemically bonded to the
Si(001)-(2x1) surface with butterfly-shaped bonding for 17° or with the arched
framework of DAT for 0°.

The ordering of DATSs on the Si(001) surface with a peculiar direction
was also found with extension of the structure over wider regions. This indicates
that thin crystalline over layers with ordered molecular configuration to the Si
substrate can be fabricated through amino-group related chemical bonding at the

interface by annealing after deposition.
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Prospective Summary

Organic molecules chemically adsorbed on a solid substrate have attracted
much interest to fabricate novel functional devices in molecular electronics. In
my present study, I deposited 4,4”’-diamino-p-terphenyl (DAT) on a Si(001)-
(2x1) surface at room temperature (RT), which can be a good candidate for a
substrate to examine molecular adsorption, and observed it by scanning
tunneling microscopy (STM).

DAT has been used for a monomer of conjugated polymer, polyazomethine,
which was employed for electroluminescence (EL) devices prepared by vapour
deposition polymerization. Fabrication of well-controlled DAT layers and
interface on the substrate is highly expected to improve the performance of the
molecular devices by changing its electronic properties. Therefore, fabrication
and characterization of one monolayer of DAT on Si surface in a well-ordered
alignment is the main concern of my current study.

A cut of 2x12x0.35 mm?® from a B-doped Si(001) wafer with a resistivity of
0.01-0.02 -cm was used as a substrate. The substrate was cleaned by ultrasonic
bath of acetone and an ozone cleaner (NL-UV253, Nippon Laser & Electronics
Lab). Next, the substrate was introduced to the main ultrahigh vacuum (UHV)
chamber of an STM system, followed by resistively heating at 873 K for 12 h
for degassing and subsequent flashing at 1473K for 1 min. Finally it was cooled
to RT at a rate of about 0.5 degree/s, leading to a clean Si(001)-(2x1)surface.
Experiments were conducted in UHV using the STM system in a main chamber
with a base pressure of 2x10™ Torr, and in a preparation chamber of the order
of 10" Torr, which were connected through gate valves. The preparation
chamber was equipped with a molecule deposition apparatus consisting of a
tungsten carbide crucible wounded with a sheath heater with a thermocouple, a
water cooling jacket, and a mechanical shutter between the crucible and a
substrate.
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DAT molecules appear as elongated protrusions on Si(001) surface, some
elongated protrusions looked tilting with respect to the underlying Si dimer row
with several specific angles. The tilted angle of the majority (larger than 50%)
of elongated protrusions was about 17°, the angle of the second majority and the
third was about 8° and 0°, respectively.

The alignments of DAT molecules adsorbed on Si(001) surface at low coverages
after annealing at 523 K for 1 min by STM was examined. The number at 17°
increased to about 80%, while the number at 8° and 0° decreased less than 15%
and the others diminished within our total counting of about 250 protrusions. It
is probable that the protrusion at 17° was the most stable irrespective of
annealing, corresponding to a chemical configuration of DAT absorbed on the
Si(001)-(2x1) surface.

The results of current study proved the alignment of DATs on the Si(001)
surface at low coverages and the fabrication of well-ordered thin layers of DATs
by annealing, which were confirmed by STM. The DAT is thought to
chemically bind to the Si surface through two amino groups of each DAT. The
annealing made them ordered; this indicates that the stable and ordered
molecular layer can be fabricated on the Si surface. The potential of the DAT
and Si system was shown to be a fundamental layer to grow the overlayer with

their well-defined configuration for future molecular electronics.
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Appendix

Purification of DAT material

Purification of DAT material is crucial to conduct the STM observation
on a nanoscale with high performance, because DAT material as
received from companies often contains some impurities or
contamination may come from the air or the container. In addition, some
DAT-derived decomposition materials may also remain in the supplied
DAT material, which will seriously affect the STM observation and the
evaluation process of the properties at low and high coverages of DAT
on the silicon substrate. To purify the DAT material, train sublimation
method is one of the best ways by gradually increasing the temperature
of the DAT material to the DAT evaporation temperature in a quartz
tube, DAT molecules sublimate with impurities with lower molecular
weights than that of DAT, while impurities with higher molecular
weights remain in their original positions. Sublimated materials will
condense on the wall of the tube, where is cooled and distant to the
original charged region. The travel distance of sublimated materials
depends on their molecular weights and the temperature variation on the
wall of the tube. In general, two or three regions in the inner wall of the
tube show different colors corresponding to different materials. Thus,
we can collect purified DAT material from the tube by selecting the

region in the tube.

The train sublimation system
Figure 1 shows a setup for the train sublimation system; a quartz tube is inserted
into a tubular heater jacket. The one end of the tube is a region to place

sublimate materials, wound with two heater bands. Five small holes are
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distributed evenly along the heater jacket to measure a temperature profile with
thermocouples. A N, gas is admitted from the one end to carry the sublimated
vapor to the left part. A rotary pump is used to promote the sublimation and
transfer of the DAT, while be avoiding the unwanted oxidation of DAT material.
A liquid nitrogen cold trap is used to prevent the oil of the rotary pump to come
up and contaminate the DAT, and to trap decomposed products out of the DAT
material, which are released during the purification process.|1]

Purified materials and nonvolatile impurities separated by sufficient distances
are obtained under a decreasing temperature gradient given along the heated
tube. The linear temperature decrease is preferable for separation of condensed
positions of materials from the heater position. By increasing the temperature,
the sublimation process starts and each purification cycle generates purer layers
on the inner wall of the tube.

Heater Quartz

Vacuum 1x10°3 Jacket Tube
Gauge Pa

Tra i
P Sample
Sublimation
Material
Diffusion ETEE
pump
(a)]
2
Temperature
N/
Rotary pump M Controller N,gas
Cylinder | —
~—

Figure 1. Schematic of a setup for the train sublimation.
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Purification processes

In our experiment, DAT from Lancaster Synthesis was used after it was
purified three times by the train sublimation method for the sample preparation.
At the first sublimation process, the temperature increased gradually to 225 °C,
then it was kept to evaporate the DAT material during a couple of nights. As
shown in Figure 2, three different areas in the inner wall of the quartz tube and
the three areas colored by yellow, white and white were found; almost 70% of
the material was evaporated. Some brawn impurities remained in the right
region where was heated at the highest temperature. It was expected that the
three condensed areas should contain DAT molecules with less low-molecular
weight impurities. It is noted that DAT molecules noticeably sublimate above
150 °C. This means that pure DAT molecules should be fully sublimated and the
remained material in the right region should be high-molecular weight

impurities (Figure 2(b)).

(a) White White |[ Yellow
Area Area Area

EFSe. .
Satar, .

Brown
impurities

(b)

-

y

Brown
impurities
Figure 2 (a) quartz tube showing condensed regions with different

colors after the first sublimation. (b) brown impurities remained in
the right region, heated at highest temperature.

107



Amer Mahmoud Amer Hassan

In the second sublimation process, first the remained brown material was
thrown out and the tube was cleaned. The condensed material collected in the
first sublimation process was refilled into the right region. By repeating the
previous sublimation process, about 90% materials was sublimated, and
condensed regions with yellow and white colors were obtained (Fig. 3(a)), while
10% remained in dark yellow color in the right region (Fig. 3(b)). The
condensed material possibly contains pure DAT molecules with low-molecular

weight impurities decomposed from DAT molecules.

[ White ][ Yellow ] Dark yellow
Area Area impurities

Dark yellow
impurities

Figure 3 (a) quartz tube showing condensed regions with different
colors after the second sublimation. (b) dark yellow impurities
remained in the right region.
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In the third sublimation process, the remained dark yellow material in the
right region was thrown out and the condensed materials were collected and
refilled again into the right region after being cleaned. In the sublimation
process, the maximum temperature was decreased from 225 °C to 200 °C. As a
result, the condensed material close to 90% with yellow color was obtained
(Figure 4(a)), which should contain pure DAT molecules. The material remained
in the right region exhibited the color similar to that of the condensed materials,
as shown in Figure 4(b), indicating that the purification process was completed
in regard to reduction of impurities which gave the different colors from the
pure DAT.

Area Material

(b)

yellow
Material

Figure 4 (a) quartz tube showing condensed regions with yellow after the third
sublimation. (b) yellow material remained in the right region.
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