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Chapter 1

Introduction

1.1 Self-Assembled Monolayers

The interactions between molecules and surfaces are some of the most exciting and
widely studied aspects of modern surface science!'l. The strengths of the interactions
between molecules and substrates are highly dependent upon their chemical natures,
ranging from very weak (e.g., n-alkanes adsorbed on gold or graphite ) to strong
enough to break chemical bonds within the molecule (e.g., ethylene on platinum ©1).
One of the most remarkable molecule—substrate interactions is the spontaneous self
organization of atoms and molecules on surfaces into well-ordered arrays; the
supramolecular assemblies that form often possess both short- and long-range order.
In particular, the spontaneous organization (self-assembly) of surfactant molecules
adsorbed on transition metal surfaces has been of growing importance over the past
two decades. The field of self-assembly has grown rapidly since the discovery of these
structures and their ability to modify the physical and chemical properties of a surface.

In a general sense, self-assembled monolayers can be defined as well-ordered and
oriented organic molecular films formed spontaneously upon a substrate” (Fig.1). The
respective molecules consist of three units: a surface-active head group which binds
strongly to the substrate, a specific functional tail group that constitutes the outer
surface of the film and modifies bulk surface properties, and a chain or backbone that
connects the head and tail groups. It is well known that the lateral density and structure
of self-assembled monolayers are the result of a delicate interplay between the
substrate-adsorbate interactions, the nonbonded interactions between adsorbate —
electrostatic and Van der Waals forces, — and the intramolecular interactions such as
bond stretches, angle bends, and torsions. Tail groups can also affect the self-

assembled monolayers’ structure significantly, providing it has a strong polar
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characteristic or is sufficiently large. The process to prepare self-assembled
monolayers is simple and only minimum amounts of organic molecules are needed.
The flexibility to design self-assembled monolayers with various functional tail groups
to accomplish desired surface properties and to possibly control the structure in the
nanometer regime is an attractive feature of self-assembled monolayers. These features
created significant research activity in the area of self-assembled monolayers, and
progress in the understanding of these self-assembled monolayers on a microscopic

level has advanced significantly since the 1980s!).

NO, NH, Tail group
(surface terminal)
Space chain
Interchain van der waals
interactions :
----------- wO= Sll\o Chemisorption
at the surface
0 Head group
o S

substrate

Figurel. Schematic of Self-assembled monolayer

There are several types of SAMs that have been synthesized and studied in detail.
These include organosilicon on oxidized surfaces (SiO2 on Si, A1203 on Al, glass,
etc.); alkanethiol on Au, Ag, and Cu; alcohols and amines on Pt; dialkyl sulfides and
dialkyl disulfides on Au; and carboxylic acids on A1203 and Ag!*l. Recently, self
assembled monolayers of aromatic thiols have also attracted attention and became very

popular 5.

5201 has  attracted growing in

Pattern generation with self-assembled monolayers
order to understand the fundamental interactions and organization of mixed
monolayers on surfaces, but an additional reason for patterning SAMs is to create

functional nanostructures completely or in part from the ‘‘bottom up’’. Using
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particular chemical functional groups or using mixed component SAMs, features of

interest such as nanoparticles, cells, proteins, or other biomolecules can be patterned

for the creation of higher-ordered structures and architectures if they possess particular

affinities for parts of the SAM. Many techniques have been employed to fabricate

lateral patterned SAMs, among them UV lithography!

microcontact printing

(23]

, and scanning probe lithography,

[24,25]

21] [22]

, 1lon lithography““,

as shown in Fig.2.
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Fig.2. Schematics of several techniques employed to pattern SAMs!"!
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[26-29]

Among them electron-beam (e-beam) lithography is a powerful and practical

tool for nanoscale SAM pattering. In e-beam lithography the achievable resolution is
usually not limited by the focus of the e-beam but by secondary processes, such as
forward scattering and proximity effects. E-beams can be focused into very small
spots (<3nm) and e-beam lithography can produce precisely aligned patterns and is

easily combined with other micro fabrication techniques. The response of SAMs to

electrons can be controlled by specifically tailoring the self-assembling molecules'®”.

The electron induced reactions of aliphatic and aromatic SAMs show distinct
differences. In case of aliphatic®®>*! SAMs the electron induce the cleavage of C-H
bonds , which leads to orientation and conformation disorder of the chains, the

desorption of material, and the formation of C=C double bonds in the fragments

[29,33,34]

remaining on the surface and can be used as positive resists . In case of

aromatic SAM , electron cleavage C-H bonds for and neighbouring aromatic units

. . . 2
form a cross-linked overlayer on the surface and can be used as negative resists” ",

In case of nitobiphenylthiol (NBPT) not only cross-linking of the aromatic units, but

]

also their terminal nitro groups are converted to the amino groups”® as shown in

Fig.3.

Self-assembled monolayers (SAMs) on metallic surfaces have been intensively

studied as model systems for potential use in different applications such as surfaces

[37.38] [39-43] [44-46]

lubrication , corrosion protection , wetting , micro-/nanolithography and
biomedical, and microelectronic devices'*”). However, because of their poor stability,
their technological applications are still limited. The mostly studied alkanethiol-based

SAMs decompose up on heating temperatures above 353 K%,
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Fig.3. Schematic representation of NBPT SAM and e-beam induced cross linking

To improve the thermal stability, different approaches have been tested destined to

enhance both the lateral stability within SAMs and their coupling to substrates.

[50]

Examples include lateral polymerization*” or hydrogen bonding””, multiple sulfur-

U underpotential metal deposition,” and the utilization of more

substrate coupling,
rigid aromatic SAMs.”! Nevertheless, only a moderate increase of the thermal stability
was achieved, showing thermal decomposition and desorption of the monolayers in the

range from 373 to 473 K.
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1.2 Immobilization of protein on cross-linked SAMs

The cross-linked biphenyl SAMs were used as ultrathin (1.2 nm) negative resists
for structuring of gold®** and silicon substrates”®!, and have such a high stability,
that they even could be organized to free-standing nanosheets.”" The generated well-
ordered templates of amino groups can be used for specific covalent coupling of

]

biomolecules using various spacer molecules™. This novel technology enables

tethering of molecules at specific sites on nanostructure surfaces down to lateral

[56-58]

dimensions of 20 nm . An affected experiment was covalent coupling of

streptavidin to the amino groups of these cross-linked SAMs??],

Systematic approaches to explore the plethora of protein-protein interactions and
myriads of dynamic protein networks are at the forefront of biological sciences.
Highly parallel protein chip technologies deliver promising tools for this challenge
even down to single molecule level.””*” Whereas DNA molecules are exceptional
robust and easy to immobilize in a functional manner — as seen in the triumph of DNA

chip technology!®!!

proteins are highly sensitive and chemical heterogenous entities
denaturing rapidly in vitro.

Using multivalency as a design principle, a chemical recognition unit with
exceptionally high affinity for proteins was designed, while maintaining their
functionality'®!. These multivalent chelator heads consist of nitrilotriacetic acid (NTA)
moieties, which provide chemical recognition for histidine-tagged proteins by
complexation of transition metal ions, e.g. Ni(Il). A tris-NTA unit coordinates six
imidazole moieties and thus perfectly matches the coordination demands of a
hexahistidine tag with binding affinities in the nanomolar range!®. For the generation
of protein arrays, the application of a lithography step is necessary. Chemical e-beam

nanolithography is an efficient method for controlled attachment of molecules and

molecular complexes at various surfaces (e.g. metals, silicon, indium tin oxide).
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In this thesis, chapter 2 gives a brief description of the analytical techniques used in
this work, putting emphasis on the theoretical background. Chapter 3 describe the
experimental detail, including sample preparation, heating procedure, experimental
setups, and measurement protocols. Chapter 4 present the sensitivity of
hydroxybiphenyl (HBP) to irradiation dose. Chapter 5 investigate the thermal
stability of the pristine and cross-linked aromatic Biphenylthiol(BPT) and
nitrobiphenylthiol(NBPT) SAMs using in situ UHV XPS/SEM and ex-situ AFM . To
show what temperature can withstand these monomolecular film. Also, to study
desorption mechanisms of pristine aromatic SAM and to compare this with the results
for classical alkanethiol SAMs. Finally, to study the ability of temperature processing
of e-beam patterned aromatic SAMs yields molecular surface nanostructures.

Chapter 6 present a novel approach to the fabrication of functional protein chip by
the combination of electron induced chemical lithography with aromatic SAMs and

His-tag/multivalent chelator techniques.
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Chapter 2

Analytical techniques

X-ray photoelectron spectroscopy (xps)

Surface scientists have long used XPS to obtain information about the composition
of materials'®”. X-ray photoelectron spectroscopy based on the photoelectric effect 1!
was developed in the mid 1960s by K.Siegbahn and his research group. For his work
in XPS K. Siegbahn was awarded the Nobel Prize for physics in 1981. X-ray
photoelectron spectroscopy is conceptually very easy to understand. When a sample is
placed within a beam of X-ray, photoelectrons are ejected from the atoms within the
material. X-rays have enough energy to eject electrons from the core orbitals of all
atoms as shown in Fig.2-1. By dispersing the ejected electrons according to energy, a

spectrum of binding energies is obtained.

Photoelectron
Incident photon Auger electron
\ [ J
VAC ﬂ
L _._._O_._ 2p3/z
L / o—@ 2piz
L 2s
K *—O 1s

Fig. 2-1. X-ray photoemission and Auger electron emission
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The locations of peaks in the XPS spectrum indicate both the presence of specific
elements and their respective oxidation states. Furthermore, the binding energy of core
electrons is very sensitive to the chemical environment of the corresponding element.
When the same atom is bonded to a different chemical species, this leads to a change
in the binding energy of its core electrons. The variation of binding energy results in a
shift of the corresponding XPS peak. This effect is termed as chemical shift, which can
be applied to study the chemical status of all elements in the surface. Therefore, XPS
is also known as electron spectroscopy for chemical analysis (ESCA). The intensity of
photoelectron peak varies with the surface concentration of the corresponding element,
allowing quantitative determination of the composition of the surface.

Many applications of XPS for the study of the surface structure can be attributed to
its extreme surface sensitivity, typically sampling the top~ 50-100 A of the material.
This is a direct consequence of the short mean free path (5~20 A, as shown in Fig.2-2)

of the low energy electrons through the sample.
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Fig.2-2. Mean free path of electrons in solids as a function of their energy
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Although the X-ray themselves penetrate quite deeply into a material, the resulting
photoelectrons can only escape from roughly the first 4 nm. For Self-assembled
monolayers, which typically less than 3nm thick the entire monolayer can easily be

probed.

There are different X-ray sources. Non-monochromatic sources utilise the Ka
radiation from Aluminium (Al) and Magnesium (Mg). The energy of AIK, lines is
1486.6 ¢V and MgK,, 1253.6 eV'°. When the X-ray source is non-monochromatic, the
output consists of a broad continues distribution (Bremsstrahlung radiation) with much
higher intensity at characteristic line Ka,;, and there are weaker satellite lines Ko 4

and K.

Al Ka radiation can be monochromatic by using quartz crystals. This allows the
energy spread of the exciting radiation to be significantly reduced. At the same time,
all satellite lines and the Bremsstrahlung radiation are removed, producing a cleaner
spectrum with reduced background intensity.

Fig.2-3, shows the energy level diagram applying to XPS. The binding energy (Eg)
of an electron of the core level is most simply related to the kinetic energy (Ey;,) of the

ejected photoelectron by

Eg = hv -Ey, - e([)sp 2-1

where hv is the X-ray energy and e@g,is the work function of the spectrometer.
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Fig. 2-3. Energy level diagram for the XPS process. e@spectrometer, €Psample are the work function

of the spectrometer and the sample, respectively.

The X-ray photoelectron Spectrum

Equation 2-1 assumes that the photoemission process is elastic. Thus each
characteristic X-ray will give rise to a series of photoelectron peaks which reflect the
discrete binding energies of the electrons present in the solid. Thus at binding energy
close to zero, the closely- spaced valence band appear and with increasing binding
energy the increasingly tightly-bound core levels. The core levels have variable
intensities and widths and non-s-levels are doublets. The doublets arise through spin-
orbit (j-j) coupling. Two possible state characterized by the quantum number j (j=Il+s)
arise when 1>0 as shown in table 1. Finally the decay of core holes resulting from
photoemission can give rise to Auger electron emission and the appearance of Auger

peaks.
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Table 1.Spin-orbit splitting parameters

“Subshell | 1 | S | j=l+s [ Arearatio (2j+1)
s 0 + % =172 .
p 1 + Y J=1/2,3/2 1:2
d 2 + % J=3/2,5/2 2:3
f 3 + Y j=5/2,7/2 3:4

Quantitative analysis:

The intensity of the XPS signal derived from a particular core level of a

homogeneous sample can be expressed as following:

T 2r

Ia=0aAD(Ep) | [ La(x)] [Io(Xy)T(X,Y,7.0,.En)
y=0¢0=0 Xy

jNA(x,y,z)exp[-% (EA)cose}dz dxdy dpdy 2-2
. A

o 1s the photoionization cross section and Fig.2-4 shows the cross section calculated
by Scofield for many core lines using Al Ka radiation., D(E,) is the detection
efficiency for each electron transmitted by the electron spectrometer, LA(y) is the
angular asymmetry of the emitted intensity with respect to the angle (y) between the
the direction of incidence x-ray and the analyzer, ¢ is the azimuthal angle, Jy(xy) is the
flux of the X-ray characteristic line per unit area at point (x,y) on the sample surface,
,T(x,y,7,0,EA) is the transmission of the electron analyser , and N(xyz) is the density

of atoms A at position (x,y,z). If the spectrometer has small entrance aperture and if
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the sample is uniformly illuminated and J, became constant, then the equation 2-2

simplifies to

IA= OA . NA . LA('Y) . T(EA). ;MA(EA)- cos 0 2-3

The angular asymmetry La(y), which describes the intensity distribution of the

photoelectrons ejected by unpolarized X-rays from atoms or molecules, is given!®” by

LA(7)=1+%ﬂA(%sin27—1) 2-4

where 4 1s a constant for a given subshell of a given atom and X-ray photoelectron.

Fig. 2-5 shows the B values for Al Ka radiation.
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Fig.2-4. Calculated values of the cross section 65 for Al Ka radiation in terms of the Cls

cross-section!®®],
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Fig. 2-5 . Calculation values of 84 .from Reilman et al.

Thickness and Stoichiometric determination

The attenuation of the substrate signal by the adsorbate overlayer can be used to

determine the thickness d of the overlayer according to the equation'®”’

d
lg =1lge Acosf 2-5

Where |y and 14 are XPS signals from the clean and adsorbate-covered substrate,

respectively. In accordance with Equation 2-5, we calculate the thickness d as

d =-Acos 0ln[||—d) 2-6
0

Most samples are homogeneous monolayers on bulk substrates, |y, I3 and A in equation
2-6 can be obtained by experiments. Thus, the thickness of the monolayer can be

determined.
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In order to determine the stoichiometry, the monolayer film can be computed with

two different models. With defined well ordered film, the stoichiometric relationship

can give by
NA=IA OB LB('}’) dA )\«BCOSG 9.7
NB IB CA LA(Y) )\.ACOSG —dA
1—exp| ———
A 4 cosO

for unknown systems the statistic model is used, with a homogeneous distribution of

two elements A and B on a substrate, then

Na _ la og 4

Ng Ig op 4Aa
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Atomic force microscopy (AFM)

The atomic force microscope (AFM) has become a powerful tool for surface
observation and investigation of nanomaterials. The AFM was developed 21 years

ol

ag and is an instrument which probes the interaction forces between a sharp tip and

the surface of the sample. AFM gives real space images with high resolution not only

in air or in vacuum but also in liquid’'"

including electrolytes or biological
solutions!”>’" The ability of this microscope to achieve high resolution in liquids and
to probe the mechanical properties of the sample at a nanometre scale makes this

instrument increasingly interesting for studies of biological specimens.

Working principle

The principle of the AFM is simple: a sharp tip fixed at the end of a flexible
cantilever is raster-scanned over the surface of the sample. As the tip interacts with the
surface, the cantilever deflects and its deflections are measured using a laser spot
reflected from the top of the cantilever into an array of photodiodes to reconstruct the

topography of the sample!’”! as shown in Fig 2-5.

Photodiode Array

—

Cantilever

Fig. 2-5. Schematic representation of an atomic force microscope.
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AFMs use one of two basic types of scanning mechanism: there are some that scan the
sample, and the others that scan the tip. Both however, rely upon piezoelectric

transducers

Imaging modes

Depending on the sign of the interaction between the tip and the sample, the AFM
can work in two different modes, repulsive (contact mode) or attractive (noncontact

mode) as shown in Fig 2-6

Contact mode.

Contact mode imaging is obtained if the tip is operated at the repulsive part of a
Lennard-Jones type potential as shown in Fig.2-6. Topography data can be collected in
two ways with this mode. a) In constant force mode, where the tip scans the sample
and the feedback loop keeps the cantilever deflection constant. b) In constant height
mode, where the cantilever is held at the same height during the scan with the
feedback off. The topography of the sample is obtained by monitoring the cantilever

deflection.
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Repulsive force
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Force

contact
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»
>

l

Attractive force

Non-contact

Fig.2-6: A Lennard-Jones-type potential. The AFM will operate in the attractive or the
repulsive mode, depending on the part of the curve the AFM tip is held.

Lateral Force Microscopy (LFM)

When the cantilever is scanned over the sample in contact mode, a lateral
(fractional) force parallel to the surface is observed. The difference signal between top
two and bottom quadrants in segment photodiode (see Fig.2-5) is needed to determine
the vertical cantilever deflection. When scanning an area of the sample with a
frictional component, the AFM tip is deformation in its motion by lateral force, so
twisting of the cantilever occurs and the friction is detected. Variation in surface
friction can arise from inhomogenities in the surface materials, or from any edge-

enhanced surfaces. AFM and LFM data can be collected simultaneously.
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Non-contact mode

The cantilever in this case is oscillated at or close to its resonant frequency at a
distance of 1-10 nm above the sample. The relatively long range Van der Waals
attractive force (Fig. 2-6) induce changes in the amplitude, phase and resonance
frequency of the cantilever .The forces involved in the noncontact mode are much
lower than those in contact mode, therefore it is possible to image softest samples

without damage.

Tapping mode

In air: The purpose of using this mode is to prevent the AFM tip from being
trapped by the capillary force caused by the extremely thin film of water surrounding
samples in air. In this mode, the cantilever is also oscillated above the sample but the
tip periodically touches the surface. It is a compromise between the non-contact and
contact modes. It allows scanning soft fragile materials with better resolution than in
the non-contact regime, but with less interaction between the cantilever tip and the

material surface. It has been extensively applied to biological system.

In liquid: In this case there is no capillary force to cause imaging difficulties
because the sample is immersed under liquid. Operating an AFM with the sample
under liquid has many advantages. First, the samples can scan with lower forces under
liquid because some of the force acting between the tip and the sample are

728 _disruptive influence of the lateral force- or eliminated!”” - adhesion force

reduced'
du to the water film on the sample-. Secondly, allows samples that are normally found

in liquid environments to be imaged in their natural states.
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Proximity printing

Many techniques have been employed to fabricate lateral patterned SAMs. A
powerful and practical tool for nanoscale SAM pattering is electron-beam (e-beam)

lithography**>”]

. In e-beam lithography the achievable resolution is usually not
limited by the focus of the e-beam but by secondary processes, such as forward
scattering and proximity effects. E-beams can be focused into very small spots (<
3nm) and e-beam lithography can produce precisely aligned patterns and is easily
combined with other micro fabrication techniques.

The proximity printing””

with low energy electrons (< 1kV) is a parrallel
pattering technique in which a stencil maska is laid directly over a sample that is
irradiated with an electron flood gun. Fig.2-7 shows a schematic view of the
irradiation chamber for proximity printing. This technique is well suited for the fast

fabrication patterns of large areas when no alignment with other structure is required.

cathode

Measuring current

Mhpsk
-

f

Sample holder

Fore vacuum
Turbo pump

Fig.2-7. Scheme diagram of irradiation chamber.
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Basically, the resolution of the pattern is limited by the size of the holes in the masks.
Generally, low energy electron proximity printing is performed in high vacuum
systems at a base pressure of 10 mbar. The electrons are genarated with a flood gun
(Specs type 15/40) placed approximetly 4 cm above the sample, as shown in Fig 2-7.

The irradiation dose D can be calculated from the equation

It
D=—
A
I 1s measured current,

t is the time

A is the area of faradycup
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Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) provides the investigator with a highly
magnified image of the surface that is very similar to what one expects if one could
actually see the surface visually. The resolution of the SEM can approach a few nm

and it can operate at magnifications from 10x — 1000000x

Physical Basis of operation

In the SEM electrons are focused into a fine probe that is raster over the surface of

the sample, Fig.2-8.

|—|_.- |IlI 1

i
Electron source ———>» Kj
| —
—
A\ -+

PSR Screen

Magnetic lens or

(condenser lens) J:.... -:"] \

Scan Generator

Sample_______ 5 L{;@#“
=

Detector

Fig.2-8: Schematic describing SEM
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Three kinds of images produced in the SEM: secondary electron images,

[78]

backscattered electron images, and elemental X-ray maps Secondary and

backscattered electrons are conventionally separated according to their energies. They
are produced by different mechanisms. High-energy primary electrons (PE) undergo
either elastic scattering with the atomic nucleus or inelastic scattering with atomic
electrons. In an elastic collision, a high-energy primary electron interacts with an atom
causing scattering without loss of kinetic energy. Backscattered electrons (BSEs) are
considered to be the electrons that exit the specimen with energy greater than 50 eV, as

shown in Fig.2-9.

Electron range R

Fig. 2.9 Secondary electrons (SE), backscattered electrons (BSE), Auger electrons (AE), and
X-ray (X) in the diffusion cloud of electron range R for normal incidence of the primary
electrons (PE).
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In an inelastic collision some amount of the energy is transferred to another
electron. If the energy transfer is very small, the emitted electron will not have enough
energy to exit the surface. If the energy transferred exceeds the work function of the
material, the emitted electron can exit the solid. It is referred to as a secondary electron
(SE) with emitted energy of less than 50 eV. Most of the emitted secondary electrons
are produced within the first few nm of the surface. The secondary electrons
contributions into three groups SEI which result from the interaction of the incident
beam with sample at the point of entry. SEII are produced by Backscattered electrons
(BSEs) on exiting the sample. SEIIl are produced by BSEs which have exited the
surface of the sample and further interact with components on the interior of the SEM.
SEII and SEIII come from regions far outside the spot defined by the incident probe
and can cause serious degradation of the resolution of the image. An additional
electron interaction in the SEM occurs when the primary electron collides with an
atom and ejects a core electron from an atom in the solid. The excited atom will decay
to its ground state by emitting either a characteristic X-ray photon or an Auger electron

(Fig.2-9).

A reasonable fraction of the electrons emitted can be collected by appropriate
detectors, and the output can be used to modulate the brightness of a cathode ray tube

(CRT). In this way an image is produced on the CRT.
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Chapter 3

Experimental aspects

3.1 Materials

3.1.1 Substrates

a)Gold substrates: we used three different gold substrate depending on the type of
experiment.

I) Gold /quartz : a 250 nm thick polycrystalline gold layer thermally evaporated on 2.5
nm Cr-primed, quartz substrate with grain sizes around 100 nm and RMS values of

about 2.5 nm

IT) Gold/mica : 300 nm thick Au(111) layer evaporated on mica

III) Gold/silicon: 30 nm polycrystalline gold layer evaporated on a silicon (111) wafer
because the adhesion between the deposited gold film and the silicon wafers is weak,

an interlayer of titanium 9 nm thick was used to enhanced the adhesion.

b) Silicon substrate. Boron-doped silicon (100), (110) and (111) wafers were

purchased from Silicon Sense.

3.1.2 Laboratory Equipment

All items used in the laboratory were precleaned in a bath of KOH/2-propanol, fine
cleaned in a second in H,SO, (PH~1) bath. The items were rinsed between the
immersion steps by deionized water and also in the last step. Then the equipment was

stored in an oven at 120 °C until used.
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3.1.3 Substrate cleaning

The Au/quartz substrates were cleaned by oxygen plasma. This was done in a
home-build glow discharge unit in accordance with Aebi et al’”. In contrast to their
work, we used a vacuum chamber creating controlled and defined oxygen
atmospheres. The sample was placed on a grounded aluminium plate, and an oxygen
atmosphere of 0.1 mbar was created. The tesla coil (BD-10ASV Electro-Technic
Products Inc.(USA)) operating at 5S0kV at 5S00kHz was attached to the second parallel
electrode, separated by 6.2 cm from the aluminium electrode, providing a high voltage
glow discharge.

For the Au /Si treatment by UV light in ambient atmosphere, the samples were
placed in an UVO cleaner (model 42-220, Jelight, USA) for 3 min under ambient
atmosphere. Au/mica was cleaned by flame annealing. The respective XPS survey
spectrum (Fig.3-1) shows a characteristic of clean gold substrate without any carbon or

oxygen contaminations.
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Fig. 3-1: XPS survey spectra of a clean gold substrate.



Experimental aspects

32

3.1.4 Chemicals

All the solvents and chemical compounds used in this work with their sources and

their purities are listed in table 1.

Table 1. List of the chemicals with their sources and purities used in this work.

Chemicals Source Purity
Ethanol Baker >99.98%
N,N-Dimethylformamid (DMF) ROTH >99.97%.
H,0, VWR 30%
BPT A. Kiiller, Heidelberg | P.A.
NBPT A. Kiiller, Heidelberg | P.A.
HBP A. Kiiller, Heidelberg | P.A.
Chloroform Fisher scientific 99.99%
N,N-Diisopropyl Carbodiimide (DIC) Merck >98%
Tris-NTA Ali Tinazli, Frankfurt | P.A.

HS- EG3 Al Tinazli, Frankfurt | P.A.
Octadecanthiol Aldrich 98%
Acetonitiril Merck 99.9%
Sulfuric acid Merck 97%
Toluene Merck >99.9%
Ethylacetat Fisher scientific 99.99%
Hydrofluoric acid (HF) Fluka 48%
Acetone Merck <99.9%
2-propanol Fisher Scientific 99.97%
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3.2 Sample preparation

3.2.1. Preparation of HBP SAM

HBP SAM was synthesized according to the procedures described by Kiiller
et.al™). First, the Silicon wafer (100), (110), and (111) were cleaned by an oxidative
treatment in H,SO4/H,0, (3:1) to remove organic surface impurities. Subsequently,
the wafer were rinsed with deionized water, dried in a nitrogen stream and etched for
10 min with 48% hydrofluoric acid in a polyethylene dish, rinsed with water and
blown dry with nitrogen. After drying the wafer were stored in vacuum to avoid
reoxidation. To form SAMs, as shown in figurel, the degassed and dried 0.05 molar
toluene solution of HBP was added to the hydrogenated silicon surface in a dry
nitrogen atmosphere. After the addition, the solution was degassed again by applying a
weak vacuum until the solvent began to boil and the flask was flooded again with
nitrogen. This procedure was repeated four times and the flask were kept there at
100°C for 16h. After cooling, the samples were rinsed with ethyl acetate, treated with
ultrasound in this solvent for 3 min, and rinsed again. After a final rinse with ethanol,

they were dried in a nitrogen stream and introduced immediately into a dry nitrogen

HH HH HH HH Bk 0?6

I I i cI]
Si

atmosphere.

Si

Fig.3-2. Hydroxybiphenyl self-assembled monolayer on Hydrogen- terminated
Si surface.
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3.2.2. Preparation of aromatic thiol SAMs on gold

The 4-nito-1,1-biphenyl-4-thiol (NBPT) and 1,1-biphenyl-4-thiol (BPT) were

B3¢ The different types

synthesized according to the procedures described by Eck et al.
of gold substrates were immersed in a degassed solution of 15 mM BPT or NBPT in
N,N-dimethylformamide (DMF) for 72 h under nitrogen, followed by Smin sonication

in DMF, rinsing with ethanol and drying in a nitrogen stream.

3.2.3. Preparation of alkanethiol SAMs on gold

Octadecanthiol (ODT): The freshly cleaned Au substrates were immersed in a ImM
ethanolic octadecanthiol solution for 24h at room temperature. After that, the samples
were rinsed with ethanol and treated with ultrasound in this solvent for 3 min, and
rinsed again then dried in a nitrogen stream and introduced immediately into a dry

nitrogen atmosphere.

Matrix-thiol (HS-C16-EG;-OH): The fresh samples were immersed in ImM ethanol
HS-C16-EG;-OH solution for 5 days. Rinsed with ethanol and treated with ultrasound

in ethanol for 3 min, rinsed again and dried in a nitrogen stream.

Q

OH
HS\/\/W\/\/\/\)J\G%O%DW

matrix thiols: HS-C16-EG;-OH
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3.2.4. Coupling of Tris-NTA Modules to Amino Biphenyl SAMs

A mixture in the following sequence was prepared: 1.0 mL Chloroform + 0.03 mL
tert-butyl protected tris-NTA (10 mM) + 1.0 mL DIC. The mixture was pre-heated at
75 °C for 5-8 min. E-beam treated NBP-SAM chips were put into the glass vial with
the mixture and kept at 75 °C for 30 min. Rinsing 5 times with chloroform was
followed by a deprotection in TFA at room temperature for 3-4 h. The chips with
deprotected tris-NTA groups were rinsed 10 times with Millipore water and stored

until usage at 4 °C.

Multivalent tris-NTA chelator with protected carboxyl functionality.
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3.3. XPS measurement

XPS measurements were acquired using an Omicron Mutli-probe MXPS. The
system processes a SPHERE energy analyser, a Monochromator x-ray XM1000 MKI1
and a SL1000 Electron gun as shown in the Fig.3-3.

monochromator

Fig.3-3. Omicron Mutli-probe MXPS

Monochromator Al K, irradiation (300W) was utilized. Table (2) and table (3) show
all measuring parameters and constant values which are used in this work. The binding
energy was calibrated using Au 4f;, photoemission which was set at 84.0 eV as an

energy standard. For deconvolution of XP peaks a Shirley background and symmetric

48l

Voigt factions were employed™ . All peaks were resolved by a mixture of Gaussian

and Lorentzian, using spectral processing program (multipak program) in the XPS

system.[gl]
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Table(2) : The XPS parameters
Start End Step Sweeps Dwell | Passenergies
[eV] [eV] [eV] [s] [eV]
Wide scan 800 -13.4 0.5 1 0.200 50
Au4f 92 80 0.05 2 0.200 25
Nls 414 393 0.05 3 0.200 25
Ols 545 525 0.05 3 0.200 25
Cls 300 275 0.05 3 0.200 25
S2p 175 155 0.05 5 0.200 25
Ni2p 860 845 0.05 3 0.200 25
Table(3) : Constant values which used in this work.
Audf Nls Ols Cls S2p
A 36.00 21.1 19.3 23.8 27.7
c 17.47 1.77 2.85 1.77 1.74
Exin 1402.6 1087.6 955.6 1201.9 1324
L(y) 1.1859 1.3718 1.3718 1.3718 1.2231
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3.4. Low electron energy irradiation

The samples irradiated by two ways. First samples with large area were introduced
in situ Ultra high vacuum (UHV) (p~1x10"° mbar) and irradiated by electron flood
gun (SL1000), at electron energy 50 eV and the irradiation doses between
10000pC/cm® and 100000pC/cm” were applied. Second samples were irradiated by
using proximity printing. This samples were patterned with 1um and 1.2um circles
through the stencil mask (Quantifoil, Jean) as shown in Fig.3-4 in high vacuum
(p~5x107 mbar) at electron energy 100eV and with different doses between

10000pC/cm?* and 450000.C/cm’.

Cluantifoil Micro Tools GmbH, Sk, 1

Fig.3-4: Quantifoil R 1/4 from www.quantifoil.com
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3.5. Heating Samples

Fig.3-5. The sample stage

The Samples were mounted on the heatable manipulator of the photoelectron
spectrometer (Omicron) which is shown in Fig.3-5. The thermocouple at the
manipulator was calibrated with melting points of pure metals (lead and bismuth). The
samples were heated in steps of 20-50 K from room temperature up to 1000 K, and
kept for~3-12 h for every temperature to be sure that the sample is in thermal

equilibrium before the XPS measurement was performed.

3.6. Atomic Force Microscopy

Atomic force microscopy (AFM) was performed with a NT-MDT NTegra atomic
force microscope (NT-MDT, Moscow). Measurements were done by using two
different modes, contact mode for thermal stability experiments and Tapping mode for
protein immobilization experiments.

In contact mode, the images were taken at constant force using silicon cantilever
with force constant 0.1 N/m and in the case of tapping mode, imaging was taken at
resonance frequencies of around 20-30 kHz in HBS buffer and at drive amplitudes of
100 to 150 mV. In this case silicon nitride cantilevers with a force constant of 0.06 N/m
(Veeco Instruments) were used. Imaging of the chip surfaces was always performed in

HBS buffer.
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3.7. Scanning Electron Microscopy

Scanning electron microscope (REM) images were acquired using Omicron

Mutliscan STM VT. The images are performed at 10keV and 400pA.

3.8. Fluorescence Microscopy:

Patterned chips were imaged by confocal laser scanning microscopy (LSM 510,
Carl Zeiss, Jena). Atto565-labelled, His;o-tagged maltose binding protein (***’MBP-
His;g) was immobilized specifically on the chip. After rinsing, the chips were
immediately mounted into a self-built liquid cell and imaged using a Plan-Neofluor
63xoil-immersion objective (NA 1.4) and an inverted microscope set-up (Axiovert
200M, Carl Zeiss, Jena). An argon laser (488nm, 25mW) was used for the excitation
of both Oregon Green and QuantumDot 655. Fluorescence image data were processed

with LSM Zeiss software (Zeiss).
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Chapter 4

E-beam Lithography of Hydroxybiphenyl (HBP)

Sensitivity of Hydroxybiphenyl to irradiation doses.

HBP SAMs can be cross-linked under irradiation with electrons according to the
scheme depicted in figure 4-1, and HBP has been used as negative e-beam resist for
fabrication of single lines and line grating with nominal line widths between 500 and

10 nm™3,

c) Si d) Si

Fig. 4-1. (a) and (b) well-ordered monolayers of HBP SAM of H-terminated Si surfaces.
(c) E-beam induces cross-linking of the SAM. (d) Etched SAM for 1min in KOH.
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On this basis, the sensitivity of HBP SAM to electron-beam was investigated.
Fig.4-2 shows patterns of isolated 1um long single lines with varied dose from left to
right in steps 2000uC/cm’. The e-beam energy was chosen at 3keV, which was a
reasonable choice to minimize proximity effects while keeping the e-beam size
small’®*!. The sample was irradiated from starting dose with 2,000 pC/cm? (Fig.4-2 left
above) to the final dose 80,000 pC/cm” (Fig.4-2 second line right). In the top of the
Fig.4-2 an AFM profile has been determined from the same pattern.

AFM height profile

2], LA AU AMA

Fig.4-2. SEM image of an array of single lines after a 3 min KOH etch. The nominal
linewidth is indicated at the left-hand side. The area dose was varied from line to line in

increments of 2 mC/cm?. Top: AFM-height profile along the lines indicated in the figure.

The lines have been etched for 3 min and the height profile clearly shows how the
line height increases with the area dose and the line broadens at high doses due to
proximity effects. To minimize these unwanted exposures nominally 6nm wide lines
etched in KOH for 1min are investigated. An AFM image of a part of the Structures is
shown in Fig.4-3.
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Fig.4-3. AFM image of part of the nominal 6nm lines structure.

Fig.4-3 shows a plot of the line heights as a function of the applied electron dose. The width
of the nominal 6nm wide lines is ~ 10nm. The height H of the irradiated lines after 1 min

KOH etched has been fitted exponentially by:
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Fig.4-4. Plot of the AFM line heights as a function of area dose for single lines with a

nominal width 6nm, after a 1 min KOH etch.
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venl1-en(25,)

Where h, is the measured line height corresponding to saturation, D is the applied
electron dose, Dy is a measure for the efficiency of the processes. From the fit, we
obtain values of Dy = 8800 uC/cm2 and hy= 8.9 nm. We can estimate from the plot, the
dose required for complete cross linking of HBP to be ~ 20000 pC/cm?®, which is in the
same order of magnitude as the dose for Biphenylthiol on gold®”.. The height of the
lines exposed at doses below 20000 pC/cm® results from the difference between
etching of the silicon without resist and silicon that was protected for some time by an

incomplete cross linked SAM.
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Chapter 5

Thermal stability of pristine and cross-linked

aromatic SAMSs
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Section A
Thermal stability of pristine Biphenylthiol (BPT) and
Octadecanethiol (ODT)

Knowledge of thermal stability of self-assembled monolayers molecules, leads us to better
design and selection of these molecules for specific applications. In this chapter we

investigate the thermal stability of pristine and cross-linked aromatic SAMs.

1- Characteristic of pristine Biphenylthiol (BPT) film:

The XPS measurements were carried out to determine the film quality. The wide
scan, Cls and S2p XP spectra of BPT/Au are presented in Fig.5-1. Besides Au
substrate signals the wide scan spectrum exhibits only characteristic emission of S2p
and Cls and no oxygen contamination was detected. The thickness of BPT/Au
determined from the attenuation of the Audfy, signal (A=36 °A) is 10£0.7 A; the C/S
ratio is 12+1/1, which corresponding to a high quality BPT monolayer.
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Fig.5-1. Wide scan, Cls and S2p XPS spectra of BPT/Au.
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Fig.5-1. Wide scan, Cls and S2p XPS spectra of BPT/Au.

The Cls signal composes of four constituents. The main one Cls (I), at 284.2 eV
with a full width at half maximum (FWHM) of 1.15 eV , is assigned to the 11 carbon
atoms in the aromatic rings; the C1s(II) at 285.1 eV(FWHM=1.15 eV) corresponds to
remaining carbon atom in the C-S bond; Cls (III) at 286.8 eV (FWHM=1.7 eV) and
Cls (IV) at 290.3 eV (FWHM=1.7 eV) have much lower intensities and are assigned

to aromatic shake up satellites.

S2p spectra exhibit two strong peaks at around 162eV and 163.2 eV. The sulfur
spectrum consists of S2p;, and S2p;,, peaks with an intensity ratio of 2:1 according to

(82831 and is assigned to thiolate species[84] Besides thiolate

the spin-orbit coupling
species 2Sp;, at 162 eV, there are different sulfur species were reported in SAMs on
Au surfaces. Among them disulfide or sulfide and unbound thiol® species at binding
energies between 163-164 eV, atomic sulfur (isolate sulfur)®*®*! at 161 eV and

oxidized sulfur® > 166 eV.
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2- Characteristic changes of pristine BPT as a function of Temperature

Fig.5-2 shows the S2p and Cls photoelectron spectra for the BPT after thermal
annealing at different temperatures. The S2p spectra, before the sample was annealed,
exhibited doublet at 162.0 and 163.2 with a full width at half maximum (FWHM) of
0.9 eV which is assigned to the thiolate bound. After the sample was annealed to 384K
there is no change in the S2p peaks. Above 430K the S2p signal shows the formation
of a new S2p doublet at 161.3 and 162.5 with a FWHM of 1.3 eV. Compared to the
thiolate doublet at room temperature, its position is shifted by ~ 1eV to lower binding
energy, which reflects the formation of atomic sulfur that is bound only to metallic
substrate. At higher temperature 558K only atomic sulfur is observed. Thus, the
thiolate bonds do not sustain such high temperatures and the C-S bond cleavage can be

observed at temperatures above 400K.

In Fig.5-2, at room temperature the Cls signal consists of four constituents at 284.2
eV as Cls (1), the Cls (IT) at 285.1eV, Cls (III) at 286.8 eV and Cls (IV) at 290.3 eV.
At 384K as shown in Fig. 5-2, a little decrease in Cls signal can be noticed. The Cls
signal shows further decrease after heating to 430K. At 558K only 10% of initial

intensity remains corresponding to an almost complete loss of the SAM.
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Fig.5-2. Variation of S2p and Cls X-ray photoelectron spectra with annealing temperature.
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Fig.5-3. Relative peak area of S2p and total Cls signal intensity as a function of temperature.

Fig.5-3, shows the variation of two S2p species and the total intensity in Cls
signal as a function of temperature. Below 384K only thiolate bound present at the
surface. Above this temperature the atomic sulfur forms and its intensity increased
with the increasing temperature, whereas the thiolate intensity is decreasing. At 558 K
only atomic sulfur can be observed. The total Cls peak decreasing with the increasing

the temperature as shown in Fig.5-3 (B). The pristine biphenyl SAM desorption occurs
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at temperature above 400K via C-S bond breaking and also, can be judged from the

S2p intensity direct desorption of thiolate occurs.

3- Characteristic changes of Octadecanethiol (ODT) as a function of

Temperature

To get more insight in the desorption mechanisms of aromatic SAMs we compared
that with the desorption of a classical alkanethiol SAM like octadecanethiol (ODT).

The thickness of ODT/Au determined from the attenuation of the Au4f;, signal
(A=36 °A) is 26+0.7 A and the C/S ratio is 21=1/1 which is higher than the theoretical
values obtained which may be related to inaccuracy of A-value, since no additional S2p
species (e.g. unbound thiol) are observed in the XP spectra as shown in Fig.5-4. The
S2p and Cls XPS spectra of ODT film at room temperature and after annealing at
different temperatures are presented in Fig.5-4. The poor quality of the S2p signal is
related to signal/to noise ratio of alkyl chain of octadecanethiol.

In the S2p XP spectra shows only a thiolate doublet peak at binding energies (BEs)
162.0eV and 163.2 eV (FWHM=0.9¢V). We observed at above 400K another S2p
doublet peaks at low binding energy at 161.0 eV and 162.2 eV (FWHM =0.90eV),
which is denoted as atomic sulphur similar to behaviour of BPT at the same
temperature range. At above 476 K only atomic sulfur peak was observed. In the Cls
XP spectra, a single Cls sharp peak at 284.950eV was observed with a FWHM of
1.15eV attributed to the alkyl chain of ODT molecules was observed at room
temperature (RT). After annealing and above 372K the Cls signal decreases due to
ODT molecules desorption from the Au surface and notice another Cls signal peak at
lower binding energy 284.0 eV which assigned to the striped alkyl chains and

molecular decomposition™
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Fig. 5-4. The S2p and Cls XP spectra of ODT/Au with different temperatures.
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Fig. 5-5. Relative peak areas of Cls and S2p as a function of temperature.

Fig.5-5, shows the variation of different S2p and Cls signals as a function of

temperature. Similar to BPT SAM the atomic sulphur formed above 400 K and

decreased the thiolate signal. The Cls (alkyl chain) signal at binding energy 285eV

decreased with high temperature and another Cls signal formed at 476K at binding

energy 284eV at low intensity about 9% from total Cls intensity. The desorption
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mechanism of ODT SAM is the same to pristine BPT. Whereas, ODT desorption

occurs above 400K via C-S bond cleavage and desorption of thiolate.

A) pristine ODT

Sulfur
atom

\ [111/

B) after annealing at 476K

284.3eV

Sinigur O{)/
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Atomic Decomposition
sulfur carbon
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Fig.5-6. Schematic of a) pristine ODT on Au and b) after annealing to 476K

Fig.5-6 shows a schematic of the ODT-SAMs before and after annealing to 558K.
After the annealing the atomic sulphur and striped ODT molecules exist on the Au

surface.
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Section B
Thermal stability of cross-linked Biphenylthiol (BPT)

In this section we present the effect of e-beam induced corresponding to the BPT

SAM on their thermal stability.

1- Characteristic of cross-linked Biphenylthiol film:

Fig. 5-7 shows S2p and Cls XPS spectrum of not irradiated and irradiated BPT
with different doses, 10, 25, 45 and 100mC/cm®. S2p signals show the formation of a
second doublet at higher binding energy 163.5and 164.7at FWHM=1.6eV, which is

(52871 This second doublet S2p signal

indicative for the formation of sulfide or disulfide
grows with increasing irradiation doses. Its intensity corresponds to ~ 45% of the total
sulfur signal at electron dose 100mC/cm®.

In the C1s XPS spectra in Fig.5-6, a signal Cls (I) decreases and C1s(Il) increases
with increasing irradiation doses, which can be associated with the irradiation-induced
related to form sulfide or disulfide species. The reduction of the Cls (I) is 17% from

original C1s(I) at 100 mC/cm®.
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Fig.5-7. The S2p and Cls of BPT with different irradiated doses
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2- Cross-linked BPT as function of Temperature

Figures 5-8 and 5-9, show XPS spectra and variation intensity of the S2p and Cls
of BPT as a function of temperature, respectively. At room temperature S2p signal
consist of thiolate bond at binding energy 162.2eV and sulfide or disulfide bond at
binding energy 163.0eV. The main Cls (I), at 284.2 ¢V with a full width at half
maximum (FWHM) of 1.15 eV , is assigned to the 11 carbon atoms in the aromatic
rings; the Cls(Il) at 285.1 eV(FWHM=1.15 eV) corresponds to remaining carbon
atom in the C-S bond; Cls (III) at 286.8 eV (FWHM=1.7 ¢V) and Cls (IV) at 290.3
eV (FWHM=1.7 eV) have much lower intensities and are assigned to final state
effects. Below 400K no changes in the S2p and Cls signal peaks. At 408K the third
doublet S2p signal formation at low binding energy 161.0eV which assigned as atomic
sulfur with decreasing the thiolate and increasing disulfide signals and no changes
happened in Cls peaks. At the 475K , atomic Sulfur signal increased, the cross-linked
monolayer loses most of its thiolate bonds and the intensity of disulfide decreased. The
Cls intensity shows only little changes. With raised the temperature to 1000K (the
highest temperature our experimental set up permits) the dominating S2p signal is the
atomic sulfur. The Cls signal shows 80% (see Fig.5-9) of its initial intensity and the

binding energy of the aromatic C1s(I) species remain as at room temperature.
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irradiation dose.

Fig.5-10 shows the intensities of the C1s signal of pristine and cross-linked BPT as
a function of temperature and electron dose. The pristine BPT SAM desorbs at about
400 K. SAMs cross-linked at 25 mC/cm® are more stable than pristine ones, and a 50%
loss of material is found. The XPS intensity of SAMs cross linked at 45 mC/cm’
remains above 80% up to the highest temperatures. We thus conclude that at an
electron dose of 45 mC/cm”® cross-linking is complete and almost no carbon loss is
observed. Lower electron doses lead to partially cross-linked SAMs, from which BPT

molecules can
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3-Thermal desorption lithography (TDL):

The above described temperature stability of cross-linked SAMs can be utilized for
the creation of molecular surface patterns. In a novel scheme called “thermal
desorption lithography” (TDL), a pattern is written in an aromatic SAM by e-beam or
extreme ultraviolet lithography. The structure is then heated in vacuum above the
desorption temperature of the pristine SAM, so that non-cross-linked molecules
desorbs, whereas the cross-linked structures remain on the surface. TDL is a simple
and efficient method to create molecular patterns in a vacuum environment. Fig.5-11
shows scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images of 1 um circles made by electron (100 eV) exposure of a BPT SAM through a
stencil mask (Quantifoil) in high vacuum (p<5x10—7 mbar) at room temperature and
subsequent thermal desorption of the non-cross-linked regions in UHV at 620 K and
1050 K. The SEM measurements were conducted in situ; the AFM study was
performed ex situ in air. Both techniques clearly show the presence of the cross-linked
monolayer pattern on gold produced by selective thermal desorption. AFM line scans
confirm the expected thickness of ~1 nm of the cross-linked BPT SAM. As cross-
linked aromatic SAMs can be fabricated by e-beam lithography with a resolution
below 40 nm"*!, TDL may be capable to fabricate temperature stable surface carbon
nanostructures with a similar resolution. Regions not covered by the cross-linked
SAMs may be used for the adsorption of other molecules, to generate a chemically

diverse.
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In conclusion, we have shown an extremely high (up to 1000 K) thermal stability
of cross-linked aromatic self-assembled monolayers on Au surfaces. This is the highest
thermal stability which has been reported for monomolecular films on surfaces.
Desorption of pristine Biphenylthiol SAMs occurs already at temperatures above 400K
via C-S bond breaking and desorption thiolate. Thermal processing of e-beam
patterned Biphenylthiol SAMs results in the fabrication of monomolecular pattern by
selective thermal desorption. The reported results are not limited to the studied model

system but can be extended to other aromatic SAM
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Section C
Thermal stability of pristine and cross-linked
nitrobiphenylthiol (NBPT)

NBPT SAMs show by electron irradiation not only cross-linking of the aromatic
units but also their terminal nitro groups are converted to the amino groups. This
functionalization can be used for creation of chemical patterns by e-beam

[26-29

lithography™®®*’!. In this section we investigated thermal stability of pristine and cross-

linked NBPT.

1- Characteristic of pristine nitrobiphenylthiol (NBPT) as a function of

temperature:

We annealed pristine NBPT/Au from RT to 250°C with 20°C increment. Fig.5-12,
Show the ARXPS measurement of NBPT. Angular dependence of the S2p, Cls, Nls,
and Ols signal exhibit the correct longitudinal structure of a NBPT monolayer. Fig.5-
13 and 5-14 show the S2p, Cls, N1s and Ols XP spectra of NBPT/Au as a function of
temperature. From the attenuation of the Au 4f signal, we calculated the thickness of
the pristine SAM to 12.5+0.8 A. At room temperature (RT) the S2p signal shows a
doublet peak at binding energies (BEs) of 162.0 and 163.2 with a full width at half
maximun (FWHM) of 0.9 eV, which is characteristic for thiolate. The Cls signal of
the NBPT SAM consists of a main peak, Cls(I), at 284.2 eV (FWHM=1.2 ¢V) that is
assigned to the 10 adjacent carbon atoms in the aromatic rings, a C1s(Il) peak at 285.3
eV (FWHM=1 .4 eV) that originates from the carbon atoms in C-S and C-N bonds, and
of aromatic shake-up satellites at 287.0 eV and 290.5 eV (FWHM=1.7 eV). The Nls
and Ols signals at 405.5 ¢V (FWHM=1.4 eV) and 532.3 eV (FWHM=1.7 eV),

respectively, are assigned to the SAMs terminal nitro group.
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Fig.5-12. the ARXPS measurement of NBPT.

As can be seen from Fig.5-13, sulphide/disulfide signals formed at temperature above
400 K in S2p Xp spectra Fig.5-13. Their intensity increase at temperature above 543K
(see Fig.5-14). At 453K the atomic sulphur peak forms and increases with raising the
temperature. At 558K the atomic sulphur becomes a dominant signal in S2p peak. At
the same time the intensity of thiolate bond decreases with increasing temperature and
disappear completely at temperature above 476K. The Cls signal in the Fig.5-13, Cls
decreases with raising temperature and shows only 45% of its initial intensity at
558K, Fig5-14. At 453K the binding energy of the aromatic [C1s(I)]species shifts by ~
0.30 eV to higher binding energy. The Cls(Il) signal decreases with increasing
temperature which is in agreement with the by decreasing amount of thiolate signals

and sulphide/disulfide bonds.
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The Ols and N1s XP spectra of the NBPT/Au are presented in Fig.5-15. In the N1s
signal, at room temperature there is a single peak at 405.5¢V denoted as nitro peak.
Above 400K, another Nl1s peak forms at 399.3eV (FWHM=1.7¢V). At 407K the
component 405,5 eV(nitro group) decreases, which suggests the loss of some
nitrobiphenyl moieties. This process continues upon heating to 453k where another
peak at 399.3eV growths. At higher temperature (558K) the N1s (399.3eV) remains at
the surface with somewhat decreased intensity, showing a transformation of the
nitrogen species occurred. In the Ols XP spectra for the pristine NBPT/Au, a single
Ols emission at 532.3 eV FWHM=1.70eV, which assigned as nitro group, is observed
at room temperature. At 407K small peak appears at low binding energy of 530.5e¢V
with FWHM=1.70eV. Above 450K the 530.5¢V peak increases and decreases the peak
at 532.3eVdecreases. The Nls can be fitted with two nitrogen species at 399.3 and
400.8¢V, which are characteristic of amine and a protonated amine group™,
repectively. and N1s oxide NO™ at 397.6eV Fig.5-16 shows the relative intensity of
the Nl1s and Ols species as a function of temperature. The nitro group decreases
below 400K the amine group decreases above 400k. The protonated and NO peaks
growth with increasing temperature. At 558K the NO intensity has a maximum which
is confirmed by increase of NO contribution in Ols and disappearance of peaks for

protonate and not protonate amine group.



Thermal stability of pristine &cross-linked aromatic SAMs 69
Frrtrtr Tt L L L L
Nis_NBPT Ols_NBPT
14000F - 17 135000
RT
RT
12000F lr 1 30000
. | 407K |
= 10000 . 25000
©
~~
>
=
n - 120000
L 8000
o
d—
<
6000 . 115000
4000 . 41 10000
2000 ! 1 5000

414 411408 405 402 399 396393

537 534 531 528 525

Binding Energy/eV

Fig.5-15. XPS spectra of N1s and Ols signals of NBPT as a function of temperature.



Thermal stability of pristine &cross-linked aromatic SAMs 70

10F a—m—nm

N O1s-NBPT
- S
0,8 | A \\\ o -
\\A,——-A\
= | N, //’//// '
© 06} ‘\\ R i
+ \
IE [ =— Nitro group A |
Ca . o
—~— 04} —e— NO \\A/—A\ —n A4 -
= --a--Total Ols hd \\A__,A/\\. o
c A
= 02} . -
]
o/./
0,0 — oo -
1 " 1 " 1 " 1 " 1 " 1
T T T T T T T T T T T
10 e L] n —m—nitro group -
e NH2
[ N —a— protonated amine group
018 I X _V_NO -
--¢--Total N1s
- |
g 0,6 —- /’\\ v -
b B NIS_NBPT /. '/// \\’\ \z
: 0,4 — L 4 v/ \\\\ |
Q 8 v e
~ 0,2 A
’ [~ n A—A 7]
5 AXKA/
00F = * ¢—¢/ - —a—m i

1 N 1 N 1 N 1 N 1 N 1 N
300 350 400 450 500 550 600
T/K

Fig.5-16. Relative peak intensities of Ols and Nls signals intensity as a function of

temperature.



Thermal stability of pristine &cross-linked aromatic SAMs 71

Although XPS has been widely used to obtain information on the formation and
composition of films, several studies have demonstrated that x-rays induce damage
and modification of SAMs"** This damage can either limit the utility of x-ray

irradiation or be used as a lithographic approach to pattern surfaces"”".

Kim and co-workers'”

studied visible laser light irradiation effects on nitro-
terminated monolayers on silver. The results indicated the conversion of the nitro
group to amine functionality by laser irradiation, preserving the overall structural

integrity of the monolayer. Grunze and co-workers>”

investigated NO2-terminated
biphenyl SAMs on gold substrates. They reported the transformation of surface nitro
groups to amine groups by low energy electron irradiation while the underlying
aromatic layer 1s dehydrogenated and cross-linked. They suggested that the hydrogen
atoms required for reduction of the nitro groups are generated by the electron-induced
dissociation of the C—H bonds in the biphenyl units. Where in S2p signal have

sulphide/disulfide peak. Preece and cowrkers!'®"

investigate the influence of x-ray
irradiation on 3-(4-niteophenoxy)-propyltrimethoxysilan (NPPTMS) at different
irradiation times. At longer irradiation times 447min, almost all NO, groups under
irradiation converted to NH, groups.

Taking into consideration these previous studies and from our results there a
possibility that the transition from nitro to amino occurs by X-ray irradiation. The
evidences for this possibility are the formation of sulfide/disulfide peaks, which is
similar to the effect of e-beam irradiation as shown in Fig.5-7, the Cls 45% of initial
intensity total carbon stay on the surface similar to Cls at electron dose of 25mC/cm®
of irradiated BPT, Fig5-10 in section B. The exposure time of our sample to x-ray is ~
200 min and depending on the results from ref.[101] at this time the transformation
occurred.

Another possibility for this conversion is the influence of the temperature. The
evidences of this possibility are we used Monochromatic XPS for measuring, we
measured another NBPT/Au sample to reduce the exposure time to X-ray by
measuring the sample from RT to 150 °C directly, the same transformation occurs. NO
signal formed and the O:N ratio does not change where the total intensity of Ols and

N1s approximately the same at 558K as shown in Fig5-16. We assume the nitro group
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converted to amino group because of the effect of heating NBPT-SAM. Such

transformations confirmed by appearance of NO peak in Ols signal.

1- Characteristic of cross-linked nitrobiphenylthiol (NBPT) as a function of

temperature:

Irradiation of NBPT SAMs with electrons results in the lateral cross-linking of
adjacent aromatic molecules and in the conversion of the terminal nitro groups into the
amino groups”®. These changes can be seen in the XP spectra, Fig.5-17. The Nls
region shows the formation of a new signal at 399.0 eV, accompanied with a low
intensity shoulder at 400.8 eV, and the nitro signal at 405.5 eV disappears completely.
Similar to biphenylthiol SAMs upon irradiation'® a broadening of the C 1s signals by
~0.3 eV is observed. The S2p signal shows the formation of a second doublet at higher
binding energies (~163.5 and 164.7, FWHM~1.5 eV), which is indicative for the
formation of sulfide or disulfide in the cross-linked SAM. The Ols signal decreases to
~20 % of its initial value. As expected from the enhanced N:O ratio in the pristine
SAM, the residual oxygen may result from impurity during prepared the sample. The
thickness of the SAM decreases by ~1 A, which is in agreement with the oxygen loss.

The behaviour of cross-linked NBPT/Au is similar to cross-linked BPT/Au. Fig.5-
17 and 5-18 show the Cls and S2p as a function of temperature. While the atomic
sulphur is formed above 400K and growth with increasing temperature the total Cls
has small decrease at the same temperature and shows 75% of the initial intensity
without changing the binding energy of the aromatic species as at the room

temperature as shown in Fig.5-18.
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At room temperature (RT) the N1s XP spectra shows the formation amino group(NH,)
at binding energy 399.3 with low intensity shoulder at 400.8 eV which is characteristic
as protonated amine group (NHj3) as shown in Fig5-19a.

Figure 23b shows relative intensity of N1s species where below the temperature at
400K a little decreases occurred in the N1s intensity. The total N1s intensity remain
above 50% of its initial intensity up to highest temperatures and the total N1s peak
shifted 1 eV to lower binding energy.
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Fig.23. (A) XPS spectra of S2p and Cls signals of cross-linked NBPT (45mC/cm?).

(B) Relative peak area of N1s species intensity as a function of temperature.
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Chapter6

High-Affinity Protein Chip Fabrication by Chemical E-
Beam Nanolithography
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1- Introduction

To study protein function and interaction, there is a high demand for specific,
stable, locally immobilized, and functional protein arrays on solid substrates. In this
chapter, we present a new concept to the fabrication of solid templates for laterally
defined and functional immobilization of proteins for chip applications. The biochip
fabrication is based on the combination of electron induced chemical lithography with
aromatic self-assembled monolayers (SAMs) and the NTA/His-tag concept!'®”,
merging classical electron beam nanolithography (top-down) with molecular self-
assembly (bottom-up) and chemical biology. Scheme 1la presents the different
elemental steps of the protein chip assembly:

i. Formation of nitrobiphenyl thiol SAM: First, a densely packed monolayer of 4’-
nitro-1,1’- biphenyl-4-thiol (NBT) was self-assembled on a gold surface.

ii. Chemical nanolithography: E-beam writing was used to locally reduce the terminal
nitro groups to amino groups, while the aromatic layer is dehydrogenated and cross-
linked. The generated well-ordered templates of amino groups can be used for specific
covalent coupling of biological recognition units like tris-NTA.

iii. Chemical coupling of tris-NTA modules to reduced amino-terminated SAMs: The
amino groups of the remaining and cross-linked biphenyl thiols are modified by
coupling of tert-butyl protected carboxy-tris-NTA modules (Scheme 1c). After
deprotection with TFA, the surfaces were applied for specific, high-affinity
immobilization of His-tagged proteins.

iv. Exchange of non-cross-linked thiols by protein-repellent matrix thiols: This
exchange reaction was aimed to improve the protein-repellent properties of the
structured SAM. Non cross-linked NBTs were thermally desorbed and replaced by
protein-repellent EG3 matrix thiol (Scheme 1b). Arrays with the grafted multivalent
chelators result in the specific, high affine, oriented and reversible immobilization of

His-tagged proteins or even protein complexes.
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Scheme 6-1. (a) Schematic representation of the protein chip assembly, (1)-(iv);
Controlled immobilization of His-tagged protein complexes (here: proteasome) in

either end-on (v) or side-on (vi) orientation.
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Scheme 6-1. (b) Protein repellent EG3-OH matrix thiols. (c) Multivalent tris-NTA

chelator with protected carboxyl functionality.
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2- XPS measurements:

The XPS measurements of different steps of the protein chip assembly were
carried out, the XP spectra of pristine is shown in Fig.6-1a. The spectra of e-beam
irradiated (40 mC/cm?®) NBPT SAMs is shown in Fig.6-1b (steps (i)-(i1) in Scheme
la). From the attenuation of the Au 4f signal (not shown), we calculated the thickness
of the pristine SAM to 12.5+0.8 A. The S2p signal shows a doublet at binding energies
(BEs) of 162.0 and 163.2 with a full width at half maximun (FWHM) of 0.9 eV, which
is characteristic for thiolate®™. The C1s signal of the NBPT SAM consists of a main
peak, Cls(I), at 284.2 eV (FWHM=1.2 eV) that is assigned to the 10 adjacent carbon
atoms in the aromatic rings, a Cls(II) peak at 285.3 eV (FWHM=1.4 eV) that
originates from the carbon atoms in C-S and C-N bonds, and of aromatic shake-up
satellites at 287.0 eV and 290.5 eV (FWHM=1.7 eV). The Nls and Ols signals at
405.5 eV (FWHM=1.4 eV) and 532.3 eV (FWHM=1.7 eV), respectively, are assigned
to the SAMs terminal NO, group. Derived from the XP spectra a somewhat higher, in
comparison to the stoichiometrical ratio, value of nitrogen to oxygen atoms, ~1:2.5,
was observed. It may be indicative for the formation of a co-adsorbate overlayer on the
polar nitro groups during the air contact of the samples. The evaluation of the chemical
composition of the monolayer and additional angle resolved XPS measurements
indicate the formation of a densely packed NBPT SAM on polycrystalline Au surfaces

and the surface location of the nitro groups.

Irradiation of NBPT SAMs with electrons results in the lateral cross-linking of
adjacent aromatic molecules and in the conversion of the terminal nitro groups into the
amino groups”®. These changes can be seen in the XP spectra, Fig.6-1b. The Nls
region shows the formation of a new signal at 399.0 eV, accompanied with a low
intensity shoulder at 400.8 eV, and the nitro signal at 405.5 eV disappears completely.

[103

Similar to biphenylthiol SAMs upon irradiation''* a broadening of the C 1s signals by

~0.3 eV is observed. The S2p signal shows the formation of a second doublet at higher
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binding energies (~163.5 and 164.7, FWHM~1.5 eV), which is indicative for the
formation of sulfide or disulfide in the cross-linked SAM. The Ols signal decreases to
~20 % of its initial value. As expected from the enhanced N:O ratio in the pristine
SAM, the residual oxygen may result from co-adsorbate. The thickness of the SAM
decreases by ~1 A, which is in agreement with the oxygen loss. It is interesting to that
the air exposure of the irradiated NBPT SAMSs results in an increase of their effective
thickness by ~2A, which is accompanied also by increase the Ols signal intensity to

~70 % of its initial value, and a noticeable ~5% increase of the carbon intensity.

The nitrogen intensity is not affected by the air exposure implying possible
incorporation of the oxygen and carbon atoms into the carbon skeleton of the cross-
linked SAM. This effect was taken into account for further evaluation of the data. The

ARXPS show the surface location of the amino groups.

Fig.6-1c shows XP spectra of an EG3-OH thiol monolayer. The S2p signal is a
thiolate doublet at 162.1 eV and 163.3 eV (FWHM=0.9 eV). The carbon signal
consists of three constituents: the Cls(I) peak at 285.1 eV (FWHM=1.2 eV)
accounting for carbon atoms in the alkyl groups; the Cls(Il) peak at 287.0 eV
(FWHM=1.3 eV) accounting for carbon atoms in the tri(ethylene glycol) groups; and
the Cls(Ill) peak at 289.4 eV (FWHM=1.2 eV) reflecting the carbon atom in the
carboxyl group. The Ols signal is a single peak at 533.3 eV (FWHM=1.7 eV). The
surface location of the tri(ethylene glycol) groups in the SAM is clearly shown from
the C(I)/C(Il) ratio, which is ~15:9, whereas the stoichiometrical ratio is 15:6. The
effective thickness of the EG3-OH SAM is 26.1+1.1 A. This value is lower than the

thickness of for an ideal EG3-OH monolayer with the helical conformation (~28.5 A)
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(evaluation has been made on the basis of the data presented in Ref.104), which may

account for some structural defects in a real SAM.

To determine the positions of the characteristic XP peaks in tris-NTA units,
Schema 1c, we studied EG3-tris-NTA SAMs as a reference. Due to steric reasons the
formation of a densely packed monolayer is not expected. Hence, the S2p spectrum
contains the thiolate doublet and sulfur species at higher binding energies. The
effective thickness of the EG3-tris-NTA SAM corresponds only to 26.8+1.4 A. The
different XP peaks in Fig.6-1d are assigned to components in the tris-NTA units. The
Cls signal at 285.1 eV (FWHM=1.6 eV), 286.8 eV (FWHM=1.7 e¢V) and 289.2 eV
(FWHM=2.0 eV) are attributed to alkyl groups, carbon in C-N bonds and carboxyl
groups, respectively. The higher FWHM values, in comparison to the similar signals in
the EG3-OH SAM, results from highly disordered structure of the EG3-tris-NTA
SAM. The Ols signal in the carboxyl groups is assigned to the BE of 532.4 eV
(FWHM=1.9 eV). The N1s signal in the amino groups of the NTA units shows the BE
of 400.5 eV (FWHM=1.5 eV), which is shifted by 1.5 eV to higher BE in comparison

to the amino groups of the cross-linked aromatic SAM.

Using of the above spectroscopic information a detailed analysis of the steps (iii)
and (iv) of the protein chip assembly is possible. Fig.6-2 presents a summary of the
“exchange experiments” which were conducted at room temperature, Scheme 1a (iv).
The XPS data show, that the pristine NBPT SAM can be completely exchanged in
solution against the protein repellent EG3-OH SAM (where the pristine NBPT SAMs
on the chip surface have been exchanges against matrix thiol in 1 mM solution of EG3
in ethanol or DMF at room temperature). The effective thickness of the formed EG3-
OH SAM (23.4+1.5A) indicates a somewhat higher degree of disorder in the

monolayer in comparison to the EG3-OH SAM prepared on a bare Au surface. As
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judged from the changes of the effective thickness and disappearance of the N1s signal
in the XP spectra, the complete exchange occurs within ~4-5 days, Fig.6-2. A simple
1" order kinetic equation describes the experimental data well and gives for the

exchange rate constant a value of 0.06+0.2 h™'.

-0(d(t)-dngpr)/ Ot=k(d(t)-dngppr)

where d(t) is the monolayer thickness as a function of time; t is the time; dygpr 1S the

thickness of the NBPT monolayer at t=0; and k is the exchange rate constant.
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Fig.6-2. Exchange of the NBPT SAM against the protein resistant EG3-OH SAM in

solution at room temperature as a function of time and irradiation dose.
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Unlike the pristine SAM, the cross-linked monolayer shows a high resistance to the
exchange with EG3-OH molecules. After 5 days in an EG3-OH solution, the XP
spectra of SAMs with electron doses above 10 mC/cm? are almost unchanged. Only a
little broadening of the Cls signal and increase of the effective thickness by ~1.5A is
observed, which obviously results from the incorporation of EG3-OH molecules to

defects in the cross-linked SAM.

Fig.6-3 presents the results for grafting of tris-NTA units (Fig. 6-1c) on the amino
terminated surfaces of electron irradiated NBPT SAMs. Above a dose of 10 mC/cm?
the thickness of the grafted layer was found to be ~6 A. Such a dose dependent growth
of the overlayer correlates well with the generation of amino groups in the underlying
SAM upon irradiation. In view of the detailed spectroscopic information on the
constituents of the tris-NTA units, their stoichiometry, the thickness of the grafted
overlayer, Fig. 6-3a clearly shows the coupling of tris-NTA to the cross-linked SAM.
The stoichiometry of the grafted overlayer derived from the XP spectra within a

statistical model"'®”!

, suggests a C:O:N ratio of 11.2:3.5:1, which correspond very good
with the expected value of 11.1:3.4:1. The intensity ratio, between the N1s signal in
tris-NTAs and in the cross-linked SAM, shows that the coupling of the multivalent
chelator occurs at about each tenth molecule of the SAM. That corresponds to the
formation of a monolayer of multivalent chelator on top of the cross-linked SAM as
can be judged from the size of tris-NTA units. The chelating of Ni(Il) ions to the
deprotected NTA groups is confirmed by the appearance of a Ni2p;,, signal at 856.3
eV. In comparison to metallic nickel, the peak position is shifted by ~3.3 eV to higher
BEs®™. The chelating efficiency of tris-NTA units evaluated from Nls and Ni2ps.

signals, is ~2.7 Ni atoms per multichelator (the maximal theoretical value is 3).
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Fig.6-3. Grafting of the multivalent chelator on the amino terminated surface of the irradiated
NBPT SAM (30 mC/cm?). (a) A detailed fit of the XPS data. (b) Electron dose dependent

thickness of the grafted monolayer.
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3- AFM Measurements:

The spectroscopic study of these elemental steps during protein chip fabrication
confirms the efficiency of the presented new concept. We thus generated patterns with
~1 um circles by electron beam lithography in NBPT SAMs. All protein chip
assembly steps were followed by AFM. We further studied the dependency of the chip
assembly on the applied electron dose. In agreement with the XPS data, the best
topographic characteristics of the fabricated chips are achieved for electron doses from
20 to 40 mC/cm®. The spectroscopic study of these elemental steps during protein chip
fabrication confirms the efficiency of the presented new concept. We thus generated
patterns with An AFM image of the protein chip, Scheme 1a (iv), under physiological
conditions is shown in Fig.6-4a. In the topography image, areas with coupled
multivalent chelators are recognized as bright spots with a height of ~I nm in
comparison to areas of the protein repellent EG3-OH thiol SAM. For demonstration of
the protein chip functionality we employed the barrel-shaped 20S proteasome complex
as a biological model system. This macromolecular protein complex has lateral
dimensions of 11 x 15 nm” and can be easily detected by AFM!®?. Fig.6-4b shows a
microarray of specifically immobilized Hisg-tagged proteasome complexes on the chip
surface. Here, the Hisg-tags of the proteins were engineered to result in an end-on
orientation, Schema la (v). The AFM data show specific and oriented immobilization
of the proteins on the chip surface. The line profiles along the immobilized protein
chip was regenerated by imidazole and re-used for immobilization of fluorescence-
labelled His;o-tagged maltose-binding protein (His;, -MBP). The fluorescence pattern
in Fig.6-5 obtained by confocal laser scanning microscopy demonstrates, in addition to

the AFM results, a specific and homogenous protein microarray.
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nm
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Fig.6-4. Controlled immobilization of proteins on the chip surface. (a) Topographic AFM
image of the protein chip surface. (b) In situ AFM scan of an array of immobilized Hise-

proteasome complexes at micrometer scale.
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Fig.6-5 Confocal laser scanning micrograph of specifically immobilized fluorescence-labelled

proteins (His;o-MBP) on the same chip surface.
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In conclusion, we have introduced a methodology for the fabrication of protein
chips based on the combination of electron beam lithography, molecular self-assembly
principles, and biochemical tweezers for highly specific affinity capturing of His-
tagged proteins. The functionality of the protein chips has been demonstrated by
specific, homogeneous, oriented and reversible immobilization of Hiss-tagged
proteins. The high affinity of the protein arrays is achieved by utilization of
multivalent interactions in NTA/His-tag pairs. Since electron beam lithography is
suitable to the fabrication of SAM nanostructures with lateral dimensions down to 10
nm, in outlook we suggest that this concept can be further developed for the function
immobilization structured proteins arrays on solid substrates down to single molecular

resolution.
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Summary

In this work, I have studied some characteristic and application of aromatic cross-
linked self-assembled monolayers (SAMs). Aromatic Hydroxybiphenyl (HBP) SAMs
can be cross-linked by e-beam irradiation and have been utilized as negative resist for
e-beam pattering of silicon. I studied the sensitivity of HBP to e-beam irradiation. The

necessary dose for complete cross linking of HBP was to be 20mC/cm’.

An extremely high thermal stability of electron cross-linked aromatic biphenyl
derivative self-assembled monolayers (SAMs) is reported. Desorption of pristine
Biphenylthiol SAMs occurs already at temperatures above 400K via C-S bond
breaking and desorption thiolate. The pristine NBPT exhibit more stabile than pristine
BPT. Despite of similar bond cleavage in cross-linked SAMs, these remain on the
surface up to 1000 K, which is the highest temperature reported for a SAM. Thermal
processing of e-beam patterned biphenylthiol SAMs results in the fabrication of
monomolecular pattern by selective thermal desorption. The reported results are not

limited to the studied model system but can be extended to other aromatic SAM

One of the SAMs applications is the protein adsorption. We have introduced a
methodology for the fabrication of protein chips based on the combination of electron
beam lithography, molecular self-assembly principles, and biochemical tweezers for
highly specific affinity capturing of His-tagged proteins. The functionality of the
protein chips has been demonstrated by specific, homogeneous, oriented and reversible
immobilization of Hiss-tagged proteins. The high affinity of the protein arrays is
achieved by utilization of multivalent interactions in NTA/His-tag pairs. Since electron
beam lithography is suitable to the fabrication of SAM nanostructures with lateral
dimensions down to 10 nm, in outlook we suggest that this concept can be further
developed for the function immobilization structured proteins arrays on solid

substrates down to single molecular resolution.
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