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Introduction

A biosensor based on a carbon nanotube, due to its well-defined nanoscale dimen-
sion and unique molecular structure, can be used to bridge linking biomolecules to
macro/micro- solid-state devices. It has been a hot research field for the last decades.
It is believed that this miniature sensor device could be the crucial step for the next
generation “point-of-care” biosensor, and finally used in clinical practice.

In this thesis, the contents are in general divided into three parts- a theoretical part,
an experimental part and an appendix part. In the theory part, I mainly introduced
some basic concepts of a carbon nanotube based biosensor, like target protein (Chap-
ter 1), carbon nanotube (Chapter 2), the detection of gold particles (Chapter 3) and
two chapters’ technology issues, like characteristic of biosensor (Chapter 4) and surface
functionalization (Chapter 5).

For experimental and discussion part, the contents naturally can be split as two sec-
tions. From Chapter 6 to Chapter 7, I mainly show the experiments associated with
individual parts of one carbon nanotube based biosensor with normal nanotechnology
characterizing facilities (optical microscope, AFM, SEM etc). Based on these experi-
ment results, in Chapter 8, I will try to present one practical carbon nanotube sensor
on silicon surface. The technology used in this core experiment include: microfabrica-
tion, carbon nanotube dispersion, single carbon nanotube location, carbon nanotube
functionalization, chimeric avidin covalent immobilization and single protein detection.
It maybe not necessary for experienced scientists or researchers to read the material in
the order presented here. Some people may find it is easier to read the Chapter 8 first
and then go to the technology details in Chapter 6 or Chapter 7.

Some useful parameters of facilities used in these experiments and one chapter about
supramolecular chemistry are listed in the Appendix.
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Chapter 1

Target proteins

1.1 Chemical components of protein and four level
protein structure

Proteins, from Greek word “proteios (meaning “first place”)”, account for more than
50 percent of the dry mass of most cells[l]. Based on their functionalization in or-
ganisms, proteins can be divided into enzymatic protein, structural protein, storage
protein, transport protein hormonal protein, receptor proteins, contractile and motor
proteins and defensive protein. In clinic, the measurement of certain proteins in blood
or urine is widely used, as direct evidence of certain disease or health disorder[2, 3.

From a chemical view, all proteins in human body are constructed from a set of 20
different amino acids (see Figure. [L.1[A)). These amino acids are composed of the
identical amine (-NHs), carboxylic acid (-COOH) functional groups, and a variable
side chain (-R) group. In eukaryotic cells, each amino acids is specific translated from
three nucleotide bases on messenger ribonucleic acid (mRNA) in ribosomes. Artifi-
cially modification one protein’s amino sequence is possible in laboratory by genetic
engineering at this stage.

Translated amino acids join with each other and form a sequence under a dehydration
reaction mechanism (one amine group and one carboxylic acid groups forms one pep-
tide bond). This amino acid sequence is called the protein’s primary structure. In this
sequence, the unbounded amine group and carboxylic acid group at the ends of the
backbone peptide chain are called N-terminus and C-terminus. The primary structure
of protein will continue to coil or to fold to form either a “a helix” or a “ § sheet” (see
Figure. [L.I[(B)), due to hydrogen bonding between main-chain peptide groups, which
is called the protein’s secondary structure. Moreover, due to the formation of disulfide
bridges, and the tendency of the hydrophobic parts under the weak hydrophobic force
to hide into the core region, one obtains the protein’s tertiary structure. And finally,
some proteins consists of more than one polypeptide chain, from which arises the qua-
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Figure 1.1: (A), Components of an amino acid; (B) The peptide Bond formation by two
amino acids; (C) The four level structure of protein, from primary to quaternary struc-
ture.[Pearson BioCoach Activity and Wikipedial

ternary structure (see Figure[L.1[C)).

1.2 Avidin, streptavidin and chimeric avidin

1.2.1 Avidin

Avidin is a glycoprotein found in the egg white and tissues of birds, reptiles and
amphibians[4]. It contains four identical subunits, consisting of 128 amino acids, having
a combined mass of 67,000 - 68,000 Dalton. The extent of glycosylation on avidin is
high, which gives it a relatively high nonspecific binding property.

In biophysics, avidin is famous for its high affinity to biotin (see Section, that each
subunit can bind one molecule of, with a dissociation constant of Kp = 10~'°M. This
property makes it one of the strongest known non-covalent bonding, and widely used
as crosslinker. The isoelectric point for avidin (the pH at which a particular molecule
or surface carries no net electrical charge) is 10.5. In neutral buffer, avidin is positively
charged.
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Figure 1.2: (The three dimensional structure of avidin and biotin. The space filling model
(left) shows the structure of four identical subunits. The ribbon diagram (right) displays
asymmetric unit two subunits of the eight strands of the [ barrel structure and biotin
molecules (in the black ovals) in the binding pockets. The images were generated from
RCSB Protein Data Bank entries 2AVI[5].

1.2.2 Streptavidin

Streptavidin is a tetrameric protein, which is isolated from streptomyces avidinii[6].
Previous research shows that it has only 30 percent sequence identity to avidin, but
their secondary, tertiary and quaternary structure (see Fig and Fig are quite
similar. Comparing with avidin, streptavidin has at least two advantages when choos-
ing a biotin-conjugate binder. The first difference is that streptavidin’s carbohydrate
component is lower than avidin, which could in principle lower the possibility of non-
specific binding due to pure hydrophobic interaction. The second difference is that
streptavidin has a mildly acidic isoelectric point of 5.5, and it has little net charge in
neutral buffers.

1.2.3 Chimeric avidin

Chimeric avidin was first assembled in 2004 by Vesa Hytonen et al[§] using E.coli.
The name of “chimeric” comes from its particular stability against harsh chemical
conditions[9]. The molecular mass of chimeric avidin is 52.6 kD and the enthalpy
of chimeric avidin-biotin binding -112.6kJ/mol[10]. In this Master’s Thesis research,
chimeric avidin is the main target analyze protein.
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Figure 1.3: (The three dimensional structure of streptavidin and biotin. The space filling
model (left) shows the structure of four identical subunits. The ribbon diagram (right)
displays asymmetric unit two subunits of the predominant S barrel structure and biotin
molecules (in the black ovals) in the binding pockets. The images were generated from RCSB
Protein Data Bank entries 3RY2[7].

Figure 1.4: (The three dimensional structure of streptavidin and biotin. The space filling
model (left) shows the structure of four identical subunits. The hydrophobicity figure (right)
displays the affinity of amino sequence to water(red means hydrophobic and blue means
hydrophilic). The images were generated from RCSB Protein Data Bank entries SMMO[10].
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1.3 Biotin and biotinylation
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Figure 1.5: (A), Molecule structure of biotin; (B) Biotin-LC-NHS conjugation, where biotin
molecule (blue) is conjugated to a reactive group (red) either directly or with additional
chemical spacer (black). From Thermo Scientific [4]

Biotin (also known as Vitamin H, see FigJl1.5(A)), is an essential coenzyme required
by all forms of life. It can be synthesized by plants, most bacteria and some fungi[11].
In cells, biotin is involved as an enzyme in the synthesis of fatty acids, isoleucine and
in gluconeogensis etc. Lack of biotin (biotin deficiency) is really rare among heathy
people, due to its low daily requirement. So biotin research usually has no significant
pharmacological use [Wikipedia).

But in biophysics, biotin is widely used as cross linker or for molecule modification
(biotinylation) for the following reasons[I2]. Firstly, the interaction between biotin
and avidin has an extremely high affinity (Ka=10'M"'). Once the binding formed, it
is unlikely to be affected by extreme pH, temperature conditions or by adding organic
solvents and other denaturing agents[I3H19]. In addition, biotin is a comparatively
small molecule, which does not interference with its targeting molecule’s property.
Thirdly, biotin has a valeric acid side chain (FigJ1.5(A)) which can be used for further
conjugation or modification of its spacer arm(Figil.5(B)) . Some commercial reactive
moieties based on biotin and their properties are listed in the Table
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Table 1.1: Biotinylation reagent and their target groups

Target func-
tional groups

Biotinylation reagents

Properties

Primary amine

Carboxyl  and
carboyl reactive
groups

Sulthydral
groups

NHS-PEC-biotin
Sulfo-NHS-biotin

TFP-PEG3-biotin
Amine-PEG2-biotin
Hydrazide-biotin
Alkoxyamine-PEG4-
biotin

BMCC-biotin

locdoacetyl-LC-bioton

HPDP-bioton

PEG spacer arm increases solubility
Reacts with primary at ph 7-9, water
soluble

TFP ester reacts with primary and sec-
ondary amines, water sobulbe

water soluble

must be dissolved in DMSO

water soluble analog of biotin-LC-
hydrazide

React with sulfhydryl groups at neutral
ph

reacts with sulfhydryl groups at pH 6-9




Chapter 2

The Carbon nanotube

2.1 Discovery history

Systemical research of carbon nanotube began from 1991 after Sumio lijima and Toshi-
nari Ichihashi’s famous paper in Nature[20], 21]. But the first observation of this carbon
cylindrical structure can be found much earlier dating back to 1950’s[22], 23]. After
20 years of development, carbon nanotubes’ have been widely researched in many re-
search areas. Some promising research areas include structural materials (such as tennis
racket, ice hockey stick, or even future’s space elevator), ultra fine tips for scanning
probe microscopy[24], nanoelectronic devices, cancer detection and therapy[25] 20],
drug delivery[20], field effect sensors [27] etc.

2.2 Carbon sp? orbital hybridization and Van der
Waals force in carbon nanotube bundles

A carbon atom has totally six electrons, two of them called core electrons are in 1s
orbitals, which do not participate any chemical reaction. The other four electrons (va-
lence electrons) occupied in 2s2p orbitals. From the atom’s energy level configuration,
these four electrons should arrange in 2s%2pl2pl orbitals. But in practice, these two
shells (2s and 2p) are usually mixable and form so called sp, sps and sps hybridized
orbitals.

For carbon nanotube and graphene, most carbon atoms have the electron configuration
of 15*2sp32sp52sps2p,, (See Figure2.1(A)). This electron configuration is so called 2sps
hybridization, which means one electron in 2s orbital gaining energy and hybridizing
with two electrons in 2p orbitals. spy hybridized electrons have % 2s and % 2p electrons’
properties.

When two spy hybridized carbon atoms get close to each other, they can form a strong

10
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o bond by sps — spe overlap in their nodal plane. The unhybridized p, orbitals on
each carbon will interact by sideways overlap and form a 7 bond[28](see Fig[2.1(C)).
One interesting chemical property of carbon nanotubes compared with pure graphite
surface or graphene, is that there exist some partial sp3 hybridized carbon atoms at the
“end” or “cap” area of the carbon nanotube, due to its curvature. This phenomenon
is called “o — 7 rehybridization” (see Fig[2.1(B)). Rehybridized carbons are more likely
to undergo modification in chemical functionalization processes.

(A)

E

2p, E

T 1L g |
2p, 2p,|2p, * *+* j;: I i1
2sp?  2sp? 2sp?
1 — — —

hybridize 2p,

2s
©
(4 valence e's)
electron promation

Figure 2.1: (A),sp2 hybrid orbitals in a carbon atom [MIT opencourse] (B), Crystal struc-
tures of graphite and nanotube and o — 7 rehybridization sps orbitals due to the curvature
(C), carbon double bonds between two carbon atoms

Mag = 91.56 K X Date 27 Mar 2013

EHT = 15,00 KV  Gun Vacuum = 4.25¢-010 mBar Signal A = InLens
100nm

ag Range = 3 WD= 6émm  System Vacuum = 4.09e-007 mBar  User Name = DOSHAO

Figure 2.2: SEM image of Karlsruhe single walled carbon nanotubes’s bundles, size bar=100
nm

Beside these covalent bonds between neighboring carbon atoms in CNT, weak interac-
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tion, such as van der Waals force and m — 7 stacking make CNT easily aggregate into
“ropes” or “bundles” (see Figf2.2)). How to disperse these aggregated CNT polymers is
still a very hot research area in CNT functionalization[29].

2.3 Physical properties of pristine carbon nanotube

2.3.1 Crystal structure and electronic band structure of graphene

A Single-walled carbon nanotube is usually regarded as one rolling sheet of graphene,
while a multi-walled carbon nanotube can be treated as multiple concentric single-
walled carbon nanotubes. Thus it will be greatly helpful to gain some knowledge
about graphene before we explore carbon nanotubes.

Without considering curvature, the lattice of CNT and graphene are similar honeycomb
hexagonal network (Fig2.3[C)). In solid state physics, this structure belongs to the
triangular Bravais lattice. Two neighboring carbon atoms (see Fig (A), sublattice
A and sublattice B), with distance of 0.142 nm, compose its Bravais lattice. The two
Bravais lattice vectors satisfies the Equation2.1]

ay or 2 = %(il, \/g) (21)

From calculation, the area of one unit cell (orange colored rhombus in Figure [2.3[A))
is Aye = V/3a? = 5.25A%,

@ : A sublattice O B sublattice Brillouin zone

Figure 2.3: (A), Honeycomb lattice of graphene. The neighboring two carbon atoms (one
black dot and one white dot) compose of one unit cell. Vectors a; and ag are basis vectors
of triangular Bravais lattice[30]. (B), Reciprocal lattice of graphene with 1st Brillouin zone
(shaded), b; and by are the primitive lattice vectors[31].(C), Extended reciprocal lattice of
graphene. The region inside red color lines is the first Brillouin zone (BZ), with its center
I’ and two inequivalent corners K (purple dots) and K’ (green dots). M are the saddle of
neighboring two K and K’ points. In this picture are totally two Brillouin zones. Figure from
Vladimir Gavryushin Mathematica modeling.
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Figure 2.4: (A) Energy dispersion within tight-binding approximation. The upper valence
band is m band, and the upper structure is 7* band. The Fermi level is situated at the points
where the m band touches the 7* band. Energy dispersion is a function of the wave vector
components of k; and ky; (B) Cut through the energy dispersion along characteristic lines.
From Vladimir Gavryushin Mathematica modeling.

The reciprocal lattice of graphene lattices (Figure[2.3(B) and (C)) satisfy Equation[2.2}
b
by or 2 = §(i\/§, 1) (2.2)

The six points (K and K, see, Fig[2.3(C)) at the corners of first Brillouin zone can be
separated into two inequivalent groups with coordinates

47 47
K=—(-1 K =—(1 2.
- (~1,0) and K’ = 2-(1,0) (23)
In a simplest mode of tight-binding model of a graphene honeycomb (see Figure{2.3.1)),

the energy dispersion relation of graphene follows Equation[2.4]

k k
%a) + 40082%a (2.4)

E*(ky, k) = j:'yO\/l + 4003(\/52]%&)008(

where vy is the nearest neighbor hopping parameter, a is the lattice constant, k, and
k, are the wave vectors in the Brillouin zone.

2.3.2 Carbon nanotube’s crystal structure and electronic band
structure

Based on the chirality, carbon nanotube can be divided into three types, namely arm-
chair (m = n), zigzag (m = 0) and chiral CNT. This property can be uniquely charac-
terized by a vector C' in terms of two integers (n,m) corresponding to graphene vectors
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a; and @3[32] in Equation2.1(Fig[2.3(C)).

The carbon nanotube with chiral vector (n,m) can be defined as:

—

C' = nay +maj = (n,m) (2.5)

And the circumference follows:

D:@:a\/(n2+nm+m2)
™ ™

(2.6)

where a=|a,| = |as| is lattice constant of graphite around 2.4612 A. The chiral angle ¢
of a CNT is given by Equation[2.7]

V3m

m+ 2n

0 = tan *( ) (2.7)
For energy dispersion relationship of CNT, we should make some modification to the
relationship of graphene in Equation. This modification comes from quantiza-
tion of the walled wave vectors around the tube circumference restriction[33]. In the
direction parallel to the CNT axis, electrons are free to move with larger distance,
the electron wavenumber in the parallel direction k| is effectively continuous. While
quantized k,; are determined by the boundary condition in Equation[2.§]

nDk, = 27j (2.8)

where j is an integer and D is the nanotube diameter. Inserting this boundary condition
to Equation2.4]the energy dispersion relation of carbon nanotube follows as[2.9

E (k) = j;%\/l + 4005(%)003(%) + 40052% (2.9)
Let k, be along the I' K direction, at the zone boundary k, = Z, the energy gap
becomes £ = +v (unlike graphene zero energy gap). The carbon nanotube’s elec-
tronic conductivity depends on its chirality. When n —m = 3¢, where q is an integral,
the carbon nanotube is metallic, otherwise it is semiconducting. For approximation,
for unseparated carbon nanotube, around % of SWCNTs are metallic and the other %
SWCNTs are semiconducting.

Decompose the wavevector k into a component along the tube axis (k) and a perpen-
dicular vector as (k ), and the band structure of carbon nanotube can be approximated

by the Equation

E(k) = i%f \/(m ; LA (%)2 (2.10)
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Where, vpis the fermi velocity and p is an internal, and vp = v/3/2h = 8 x 10°m/s
at 79 = 2.9eV. For a metallic nanotube, the dispersion relation near the fermi level

satisfies EqJ2.11]
V3a

2
For semiconducting tubes, this relationship becomes

E* (k) = £12 x |0k (2.11)

B¥(y) = 22 \/ e (212

Further simplify Equation2.12] we can get the band gap of Equation2.13]

_ 2dey
g \/gd

Considering 7 is the nearest neighbor hopping parameter varies from 2.5-3.2 eV, from

(2.13)

which follows that the band gap of a Inm wide semiconducting tube is roughly 0.7 eV
to 0.9 eV[34].

2.3.3 Mechanical properties of Carbon nanotubes

From an analysis of energy stability, a SWNT should be at least 0.4nm to afford strain
energy in diameter and at most about 3.0 nm to maintain tubular structure[35-37].
Some distinguished physical properties of CNT comparing its allotropes (diamond,
graphite, fullerene[38],graphene[39]) are listed in the Table[2.1] (After Ma et al[29]. )

Table 2.1: Physical properties of different carbon material

Properties Graphite  Fullerene SWCNT MWCNT
Density (g/cm?) 1.9-2.3 1.7 0.8 1.8
Electrical conductivity (S/cm) 40007, 3.3¢ 107° 10210 10° — 10°
Electron mobility em?/(Vs) 2 x 10* 0.5-6 10° 10* —10°
Thermal conductivity (W/(mK)) 2987,2.2¢ 0.4 6000 2000
Young’s modulus (GPa) 350 NAN 1054 1200

where p means in-plane and ¢ means axis.
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Gold nanoparticles

Gold, a nobel metal, has been used for aesthetic and curative purposes since ancient
times. One of the most famous soluble gold works could be the Lycurgus Cup that was
manufactured in 5th to 4th century B.C, which shows ruby red in transmitted light, and
green in reflected light (Fig[3.2(B)). Nowadays, AuNPs are widely studied as chemical
catalyst, self assembly monolayers (SAMs) components as well as molecular sensors
in nanoscience[40]. Because of its unique optical, electronic and molecular recognition
properties, AuNPs are widely believed to be a promising candidate for “point of care”
molecular sensor [40H44].

3.1 Gold particles synthesis and assembly

In general, AuNPs for research purposes are prepared by two main methods, the Turke-
vich [45] and Brust-Schiffrin methods[46]. The Turkevich method involves the reduc-
tion of aqueous tetrachloroaurate (III) with sodium citrate, where citrate acts as a
reducing and stabilizing agent that prevent growth and aggregation of nanoparticles (
Figure[7.1] (B)[47]). While the Brust-Schiffrin method use a reaction of chlorauric acid
solution with tetraoctylammonium bromide (TOAB) solution in toluene and sodium
borohydride(Figure[7.1] (C))[48].

Freshly prepared AuNPs have an unstable core shell structure, which easily forms ag-
glomeration under the change of concentration, pH or temperature. To prevent this
phenomena, polymers (like Mercaptocarboxylic acid) with thiol group (forms gold-
sulfuric bond) are often used to stabilize AuNPs solutions(Fig[7.1(A))[49]. These
thiol stabilized AuNPs could be further functionalized to adjust its spacer arm length
(polyethylene glycol (PEG)), or “cross linker” functionalization (for example biotiny-

lation)(Figl7.1(D)).

16
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Figure 3.1: (A),Structure of gold particle, yellow part is the core shell of the gold particle,
and green in the outer side is organic capping layer; (B) Preparation procedure of anionic
mercapto-ligand stabilized AuNPs in water, from Ref[47]; (C) Formation of AuNPs coated
with organic shells by reduction of Au’!! compounds in the presence of thiols, from Ref[48];
(D) structure of biotinylated nanogold particle (5nm in diameter) used in the following ex-
periment with average three binding biotin molecular

3.2 Optical properties of gold particles

From quantum mechanics, it shows that the electrons movement will be quantized if
they are confined into very small objects. Gold particles can be thought as one of
these objects, with diameter ranges from 5nm to 400nm. When the AuNPs’s diameter
is under 10 nanometer (thought of as “quantum dots”), size confinement effect will
make gold particles to exhibit some unique optical and electrical properties[c(]. In
biophysics, researchers use these properties for detection of biomolecules, for example
with surface plasmon resonance, or surface Raman scattering[12] [51].

Surface plasmon resonance (SPR) was first noticed by R.M.Wood[52] (1868-1955) at
John Hopkins University, where he did diffraction’s experiments with polarized light
on metal backed glass. After that Gustav Mie[53]Lord Rayleigh[54], Palmer[55] have
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Figure 3.2: (A)Schematic of surface plasmon resonance detector, modified from wikipedia’s
surface plasmon resonance configuration; (B)Lycurgus Cup from British Museum website[60];
(C)Electron delocalization, a surface plasmon is characterized as a surface charge density wave
at a metal surface[61].

tried to explained this phenomena in theory. In 1960th, Kretchman[56] and Otto[57]
demonstrated that the attenuated total reflection light was due to surface plasmons
and built the modern SPR sensor’s basic structure. Liedberg[58], first used SPR to
finish immunoassay with human IgG detection in 1983(See Fig[3.2(A)). This design
has been utilized for immunoassays, biochemical sensor for practical detection[59]. For
nanoscale particles, since surface plasmon resonance is restricted in nanometer-size, it
is also called localized surface plasmon resonance.
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Biosensor

“A biosensor is a self-contained integrated device that is capable of providing specific
quantitative or semi-quantitative analytical information using a biological recognition
element (biochemical receptor), which is retained in direct spatial contact with a trans-
duction element” [62]. In reality, a biosensors is usually composed of the following five
components (Fig[l.1): (a) bioreceptor, translates information from the biochemical
domain into a chemical or physical output signal (b) transducer, converts chemical
or physical signal into electrical signal, (¢) amplifier, increases transducer’s signal;
(d)signal processor, analyzes obtained data; (e) recording and display, presents the
analysis result to the patient.

Signal

Bior r
DrEEEnto Processor

Figure 4.1: Schematic diagram of the main components of a biosensor

4.1 Characteristic of a biosensor

Some crucial characteristic of a biosensor includes linearity, sensitivity, selectivity and
short response time. Here selectivity means that sensor detects a certain analyte and
does not react to admixtures or Contaminantsﬂ. Linearity means the relationship be-
tween the concentration of analyte and signal should be proportional in a linear re-
lationship. Sensitivity means the biosensor’s ability to detect low concentration of
analyte. Finally, response time means how much time is required to fulfill one anal-
ysis process. Some other consideration of biosensor includes signal stability, cost of
manufacturing and recyclability of the device.

'http://www.biosensoracademy.com/eng/readarticle.php?article_id=11
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Figure 4.2: (A) Schematic diagram of the single lysozyme being interrogated by a carbon
nanocircuit. The partial poly(methyl methacrylate) coating is depicted in gray. (B) AFM
topography of a SWNT FET before (inset) and after coating with the pyrene linker, lysozyme
incubation, and washing to reduce nonspecific binding. The circle highlights the point of
lysozyme attachment. (C) Response of current in a lysozyme device to electrolytic gating.
(D) I(t) measured in phosphate buffer, with peptidoglycan substrate (25 mg/ml) added to
the solution at t = 0. The inset with a magnified time axis indicates a rapid response of less
than 50 ms (inset) from Ref. [67]

4.2 Nanotechnology utilized in “point of care” biosen-
sor

Immunoassay tests usually take place at large clinical labs which are far away from the
patients’” home. Sometimes, it takes too much time to give the feedback to patients
that delays the entire recovery process. A new generation of fast and accurate “point-
of-care” biosensor has been a hot research area in last decade [63H66]. Some promising
results, for example interrogated single lysozyme on a carbon nanotube (Figure
has been made in 2012, and shows good response time and sensitivity.
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Figure 4.3: (A),Surface plasmon resonance detector from Wikipedia; (B), Field emission
transistor of nanomaterial electronic circuit from Chen et al.[68]

Compared with traditional materials, two of the most obvious properties of nanoscale
biosensors are: (a), a nanoscale biosensor has an extremely high surface to volume ratio
which can interact directly with an individual biomolecule. In principle, a nanometer-
scale biosensor is a device that could possiblly be used for detecting single proteins
[67] (Fig[t.3[B), while in traditional biosensors the detection limit is one single layer
(Figlt.3(A)). (b), unlike intraditional biosensors, the nanomaterial usually is a part
of the circuit, and this will further simplify the device and make it easy for home-

use[12], 69, [70].
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Surface functionalization techniques

5.1 Physical and chemical adsorption

In an immunoassay or a biosensor test, the adsorption of biomolecules on a function-
alized surface is usually the first step to think about. In practice, both physical and
chemical adsorption approaches can be used. Physical methods include: (1) pure phys-
ical adsorption by hydrophobic or van der Waals forces; (2) Langmuir Blodgett method
to compress one or more self-assembly layers on the surface; (3) microencapsulation to
confine molecules into concave membranes (Figl5.1(A)).
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Figure 5.1: (A)lllustration of enzyme immobilization methods, from Wang et al [71];
(B)Difficulties in physical immobilization contains: loss of analyte binding capacity of im-
mortalized protein; loss of signal transducing activity; nonspecific binding and lack of spatial
specificity (from top to down).
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Physical adsorption methods are usually easier to manipulate. However, it has in-
evitable drawbacks that makes it hard to predict molecular orientation. Without spe-
cific orientation, some unexpected results may lead to wrong conclusions (Figf5.1(B)).
For example: 1, Randomly oriented protein may hide its useful analytic binding group
inside, which will result in signal loss; 2, Change of the protein’s quaternary structure
(common for membrane protein in Langmuir Blodgett method)during the immobi-
lization process; 3, Nonspecific binding of analyte with surface that gives nonspecific
signal from wrong places; 4, Lack of spatial specificity that limits a target molecule’s
function[12].

In practice, chemically functionalized surfaces with “cross linker” to control the orien-
tation of biomolecule(see Figl5.1(A)) are used in almost all experiments. Some critical
parameters when selecting a proper crosslinker include target conjugation group, cleav-
ability, water solubility and membrane permeability et(ﬂ

5.2 Silicon surface functionalization

Silicon is the most commonly used biosensor surface. It has a lot of distinguished
properties in my mind, for example, (a), silicon has an atomically smooth surface that
can give good contrast to small biomolecules (proteins are usually less than 10 nm in
size) in topography; (b) modern microfabrication technology was mainly developed for
silicon materials, there are mature experimental methods and equipments; (c), silicon
can be easily oxidized to silicon dioxide and further reacted with silanes.

(A) (B) (©) (D) (E)
* Y oy
I

L 4 )
i i i

Figure 5.2: Schematic of preparing biosensor with silane; (A), cleaning the silicon surface
and forms hydroxyl groups with piranha solution;(B) rinse the substrate with silane solution
to form a self assembly functional layer; (C) add cross linker for immobilization of protein;
(D) immobilization of research protein; (E) bind the analyte with researched protein for
detection

1h‘c‘cp ://www.piercenet.com/browse.cfm?f1dID=26436A16-60A0-4A56-85F7-213A50830440
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The whole structure of functionalized silicon surface looks like a “sandwich” (Fig[p.2(E)),
where the immobilized biomolecule’s orientation and spacial density could be controlled
by a cross linker. A classical method of silicon functionalization[12] includes five steps.
In the first step, cleaning organic contaminants on the silicon surface and generate reac-
tive hydroxyl (-OH) groups (Fig[5.2[A)) with piranha solution (mixed sulfuric acid and
hydrogen peroxide) or reactive ion etching. In the next step, reactive hydroxyl group is
substituted by silane solution and forms self-assembly monolayer(SAM)(Fig[5.2| (B)).
After that, cross linker molecules for specific ligand (primary amine, amine, carboxyl,
carbohydrate, hydroxyl, sulthydryl, thymine, hydrazine etc[72]) on target molecules
will be added(Fig[5.2(C)). In the final steps include target protein’s incubation for im-

munoassay test (Fig[5.2(D)-(E)).

5.3 Carbon nanotube’s surface functionalization

For state of art, the most common carbon nanotube based sensor is to assemble it in
a field effect transistor(Figure5.3). On which a set of carbon nanotubes is connected
with source and drain terminals in the circuit, and gate terminal is used for controlling
current. Some analytic device like chemical sensor (NO,[73], N H;3]69] gas sensor),
mass sensor [74],optical sensor[75], ion sensor[76]and biosensor[77, [78]etc have already
been designed.

Source CNT Channel CNT gate

Substrate Gate dielectric
dielectric (Si0,) Back gate (SisN,)

electrode (Si)

Figure 5.3: Left:Side view of a back gated carbon nanotube field effect transistor, from
Avouris et al[79];Right: Side view of a suspended carbon nanotube based field effect
transistor[80]

5.3.1 Covalent functionalization of carbon nanotube

Covalent functionalization of carbon nanotubes use active carbon atoms on CNTs as
precursor for silanization, polymer grating, esterfication, thiolation, alkylation and
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arylation processcite[29]. These active carbon atoms usually comes from the following
two areas: (A)“Stone-Wales” defects, where six membered rings of graphene transfer
into the mixture of pentagons and heptagons(see Fig[5.4[(A)); (B), rehybridized carbon
atoms at the capping areas on CNT[81]. From simulation and Raman spectrum, it
predicts that these activated carbons typically accounts for 1-3 percents of al the atoms
in pristine carbon nanotube[82].
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Figure 5.4: (A) Stone-Wales defect on the sidewall of nanotube. Kannan Balasubramanian
and Marko Burghard[82]; (B) Strategies for covalent functionalization of CNTs (AL direct
sidewall functionalization; B: defect fictionalization) Figure from Peng-Cheng Ma, Naveed A.
Siddiqui et al[29].(C)Schematic view of the attachment of proteins to carbon nanotubes via
a two-step of dimmide actived amidation. Modified from Jiang et al[83].

For covalent functionalization of carbon nanotube on CNT’s sidewall, some common
methods include: oxidize to hydroxyl group (-OH) or carboxyl group (-COOH), flu-
oride to carbon-fluoride bond (C-F)[84], halogenate CNT to C-Cl or C-Br bonds[85]
etc. Focusing on CNT’s oxidization(see Figl5.4[(B)), common oxidants like piranha
solution[86], K MnO,[87], ozone[88] [89] and reactive plasmald(] have already been
used. A routine analyze process often included scanning electron microscopy images
and infrared spectrum (or Raman spectrum) before and after oxidation. However,
this method does not provide any information about CNT’s mechanical or electrical
property variation. It is equally possible that, the CN'T’s integrity has already been
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broken during the functionalization process, which turns to be useless when they are
assembled into the electronic circuit.

After oxidation, the next step for molecular binding modification was adding cross
linker. One of the so called “universal” methods for protein immobilization is the NHS-

EDC method. This method uses a two-step process with N-ethyl- N’ -(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC) and N-hydroxysuccinimide (NHS) to specific bind-

ing with protein’s a amino groups[83](Figl5.4(C)). The reaction mechanism in short

can be explained as following: carboxylic acid groups on the carbon nanotube was first
reacted with EDAC, forming a highly active O-acylisourea ester. This intermediate

can form a more stable succinimidyl intermediate ester with NHS. The amine reactive

NHS ester can function with the primary amine group on protein to finally form stable
conjugate by amide bondingﬂ

5.3.2 Non-covalent functionalization of carbon nanotube

Figure 5.5: (A), Noncovalent adsorption of surfactant; (B), Wrapping of polymers; [91] (C)
1-pyrenebutanoic acid succinimidyl ester adsorption of carbon nanotube (modified Figure
from Fan et al. [92]); (D) endohedral functionalization of Cg

Non-covalent functionalization or physical functionalization of carbon nanotubes does
not depend on the active carbons or defects on the CN'T’s structure. So in principle,
it will not destroy the conjugated system of the CNTs sidewalls[91]. From different
functionalization principles, physical treatment on carbon nanotubes can be classified
as polymer wrapping (Fig/[5.5(B)[93-95]), surfactant adsorption [96], [96-98] and endo-
hedral methods etc[29]. Some of the promising results for biomolecular detection with
physical functionalization, for example, by 1-pyrenebutanoic acid succinimidyl ester
was first used by Dai et al. This method can also be thought of as universal method
for specific binding with protein’s primary amino group[14} 5] 99](see Figl5.5(C)). For
short, 1-pyrenebutanoic acid succinimidyl ester adsorption on the sidewall of CNT by
m — m binding, and the succinimidyl ester will covalently bind with a primary amine

2http://www.piercenet.com/browse.cfm?f1dID=02040114
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group on a protein.

5.3.3 Comparing physical and chemical functionalization of
CNTs

Physical and chemical functionalization methods in CNT's have already been widely re-
searched during the last decade with numerous outstanding experiments and computer
simulations. In general, these two methods have their own advantages and disadvan-
tages which usually come from the methods itself and can not be eliminated.

Table 5.1: Advantages and disadvantages of various CNT functionalization methods

Method Principle Damage wuse Interaction
Chemical Sidewall Hy- Yes Easy Strong
Method bridization — sp?
to sp?
Physical Polymer wrap- Van der Waals No Easy Variable
Method ping force, m-m stack-
ing
Surfactant Physical adsorp- No Easy Weak
adsorption tion

Endohedral Capillary effect  No Hard Weak
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Experiment and Discussion
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During this one year master experiments, several characterizing tests with proteins,
gold particles, carbon nanotubes and limited biosensor work have been finished in
Nanoscience center in Jyvaskyla. In order to show these experiment in a more logical
way, | list the experiment as following:

1. Imaging surfaces and nanotubes

(a) AFM studies of atomically smooth surfaces (mica, highly ordered pyrolytic
graphite, silicon etc)

(b) Fabrication with e-beam lithography of markers on graphite

(c) Single-walled carbon nanotube and multi-walled carbon nanotube deposi-
tion and imaging with AFM

In the first part, I will show the experiments on AFM imaging of surfaces in-
cluding graphite, silicon, mica, and also of carbon nanotubes. Some additional
experiments include: (A), how to fabricate AFM markers on graphite in Sec-
tion (B), different methods of oxidation on graphite surface in Section

2. Imaging isolated proteins and gold nanoparticles

(a) Chimeric avidin deposition and imaging with AFM

(b) Biotinylated gold particles deposition and characterization with AFM and
scanning electron microscope

In the second part of experiment, I focus on detection of isolated compo- nents
of future biosensors. AFM and SEM imaging target molecules - chimeric avidin
and analyte - and biotinylated gold particles are tested. An interesting ”extra”
result was found in self-assembly of mono- layers of gold particles. This work
was mainly done with the help of bachelor student Hannu Pasanen, for details
see Section.7.2.

3. Functionalization of nanotubes with protein

(a) Covalent and noncovalent binding of chimeric avidin and carbon nanotube
with AFM and detection with SEM

In the last part, I will show a simple functionalized carbon nanotube structure
with protein immobilization. Definitely, this is not the end of biosensor research
at this stage, much more testing will follow.
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Imaging surfaces and nanotubes

6.1 Fresh mica and graphite surface

Muscovite mica (K Aly(Si3Al)O10(OH)2) and highly ordered pyrolytic graphite (HOPG)
have highly ordered crystal structures. Under force along cleavage planes, these two ma-
terial can form atomic-level smooth fresh surfaces for biological purposes (Figl6.I(A)-
(C)). On fresh HOPG’s surface, it is mainly composed of non-polar carbon-carbon
bonds, which makes graphite with obvious hydrophobic property(Fig[6.2(A)). While,
muscovite mica is a mineral, which has large amount of covalent bonds and is in general
much more preferable to affinity of water molecules.

In this experiment, the fresh mica material and graphite was first fixed on the alu-
minium plate with double side tape. After that, I carefully removed off some top
layers of the materials by 3M “scotch tape”. These freshly cleaved graphite and mica
were then quickly transferred into a scanning force microscope to analyze the smooth-
ness of the surface and height variation of the cleavage steps. From Fig6.1}(D) and (G),
it clearly shows that in micrometer scale, both graphite and mica can be considered as
smooth on sub-nanometer scale. Mica surface has much less linear dislocations density
(cleavage steps) than graphite surface using scotch tape method. Considering most
large biomolecules, like DNA or protein’s height variation usually in nanometer scale,
these two surfaces are both suitable for their detection.

6.2 Hydrophilic treatment of graphite

Hydrophilic treatment of graphite in this thesis means forming graphitic oxide (a com-
pound of carbon, oxygen and hydrogen in variable ratios), like epoxy bridges, hydroxyl
groups or carboxyl groups on the graphite surface. Depending on whether using liquid
solution, hydrophilic treatment can be classified into dry hydrophilic treatment and
wet hydrophilic treatment. In this research, I chose reactive oxygen plasma as dry

30
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Figure 6.1: Top: Schematic representation of the muscovite mica crystal structure. Vec-
tors a and b define the 001 planes, vector c is the surface normal vector.(A), Side view
(projection onto the a-axis) exhibiting aluminosilicate layers separated by electrostatically
bound interlayer potassium inons. (B), Hexagonal arrangement of the 001 surface top layer
(projection onto the c-axis) exhibiting Si(Partly Al) and O atoms of a cleaved mica surface,
residual potassium ions are not displayed. Reprint from Ostendorf et al [I00](C), Crystalline
structure of graphite, o-0 bonding in the Basal plane is 0.14 nm, Van der Waals and 7w-m
bonding between each Basal planes is 0.34 nm. (D), Height image of fresh graphite surface;
(E), Height image of fresh mica surface, scanning sizes of 5 micrometers; (F), Section height
data of graphite surface; (G), Section height data of mica surface
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hydrophilic treatment, hydrogen peroxide, mixed acid (concentrated sulfuric acid and
nitric acid) for wet hydrophilic treatment.

Fresh 5mm x 5mmgraphite chips were dipped in mixed acid (1:3 volume ratio of con-
densed sulfuric acid and nitric acid) or 4% hydrogen peroxide solution (kept at 4 Cel-
sius) for variable times. After incubation, these chips were transferred to a homemade
contact angle goniometer to record their contact angle by adding 20 microliter milli-
pore water. The contact angle of a static water drop reflects the properties’ changes on
the surface. Some explanation for this phenomena is as follows. As it is known, that
the water molecule is a polar molecule with positive dipole " near hydrogen atoms,
and 0~ at oxygen atom. Compared with binding with non-polar groups, it can form
weak electrostatic attraction to polar bonds (like carboxyl group, hydroxyl group etc),
which are produced in hydrophilic treatment. Therefore, the drop contact angle of the
droplet should be smaller if there are more polar groups on the graphite surface. The
results of hydrogen peroxide treatments are shown in Fig.@(l—?), and the droplets’
edge detection with Mathematica are shown in Figl6.2(A-G).

Dry hydrophilic treatment with reactive ion oxygen gas has similar reaction mecha-
nism with wet etching. Oxygen gas is ionized into oxygen ions and electrons under
high electronic voltage. When these oxygen ions hit a graphite surface, they can break
carbon-carbon bonding and form carboxyl groups on the sidewall of the CNT. The
recipes used for dry hydrophilic treatment were: Oxygen 50 sccm, temperature 30 °C,
power 300W, radio frequency 13.56 MHz, and reaction times varies from 10 second to
10 mins. Their reaction results are shown in Figl6.2(2-4 or B-D).

Comparing the contact angle of pure water on fresh graphite surface (Figl6.2(1)) to
hydrophilic treatment results(Figl6.2(2-7)), it shows clearly decrease of the contact
angle. Furthermore, we can see that hydrogen peroxide treatment (Figl6.2(5-6)) and
reactive ion etching methods(Figi6.2(2-4) have similar hydrophilic ability of graphite,
which does not totally break sp? bonding between each Basal planes. Here, 3 hours
of mixed acid treatment has the strongest effect on graphite structure. After this
treatment, the graphite sample broke into three pieces, whereby no water droplet can
stand on its surface. Carefully check with optical microscope shows that there are
obvious cracks on the surface, which could possible be produced by the heat in the
reaction. One possible use of this mix acid method is to break 7-7 bonding between
Basal planes. Hydrophilic treatment’s results varies with treatment time, and logically
we expect that longer etching causes more functionalization groups and therefore more
hydrophilic property of graphite surface. For further research, this is a complicated
issue, which will not be fully discussed at this stage.
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Figure 6.2: (1)Contact angle of millipore water on fresh cleavage graphite; (2)10 second
reactive ion etching hydrophillic treatment; (3)1 min reactive ion etching hydrophillic treat-
ment; (4)10 mins reactive ion etching hydrophillic treatment; (5) 15 mins hydrogen peroxide
treatment; (6) 1 hour hydrogen peroxide treatment; (7) 3 hours mixed acid treatment;(A)-(G)
FEdge detection of droplets with different hydrophilic treatment on graphite

6.3 Scanning force microscope’s markers on graphite

The Scanning force microscope (mainly the AFM) is very limited with respect to scan-
ning area and scanning speed. By necessity, prefabricated AFM markers, with around
10 um separation, are widely used to locate scanning areas for nanometer scale ob-
jective detection. For substrates of graphite, traditional microfabrication process for
microelectromechanical systems(resist spin- ning, lithography, development, metalliza-
tion, lift-off ) does not work so well. The limit mainly comes from the graphite’s
cleavage properties under lateral force and the possibility of chemical residues. To
overcome these drawbacks, I tried to only use silicon nitride mask and metallization to
manufacture gold markers on graphite surfaces.

6.3.1 Mask wafer preparation

12 cm diameter silicon nitride wafer with 550 pm thick silicon with 300 nm silicon
nitride layers on each side was first cut into 80mm x 80mm squares wafers with
LOADPOINT MicroAce 3 dicing saw. It was cleaned by deionized water and normal
microfabrication cleaning process (acetone and isopropanol (IPA)) to remove organic
material on the surface. After nitrogen gas gun drying, double layers of commercial
ebeam lithography resist(PMMA A7%) was spinned on both topside and backside of
raw substrates with spinning speed 3000rpm for 1 minute. Here, the backside of PMMA
was optional, and it was used as a protection layer during the first silicon nitride etch-
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ing process. Sample baking were done on hot plate (160 °C') of 2 mins to evaporate
solvent and smooth the resist after each spinning period.

6.3.2 Backside ebeam lithography

Based on mask area design purpose, a 1200 pm x 1200 pum square window was first
fabricated on the backside. This process can be done either with ebeam lithography or
photolithography. In this experiment, I used Raith E-line electron beam lithography in
this process. After exposure, the sample was dipped in 1:3 of MIBK (methylisobutylke-
tone): IPA (isopropanol) of 45 seconds for development.

(A)

Graphite

Maker
Si3N4

Si

Si13N4

25.0 nm

o) m

41 0.0 Height 18.0um

Figure 6.3: (A)Schematic of graphite mask structure; (B)Topside electron lithography CAD
pattern; (C) Optical microscope image of gold markers on graphite (greyscale); (D) AFM
height image of markers on the graphite, with scanning size of 18 micrometer, and height bar
from -15nm to 25nm. AFM image from Kosti Tapio.
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6.3.3 RIE etching of Si3N,

The backside silicon nitride not covered by protection PMMA was then etched away
in Oxford Instruments Plasmalab80 Plus reactive ion etching. The recipe used for
SigN, etching were: Trifluoromethace (C'HF3) 50sccm and oxygen(Os) 5 scem under
30 °C'and pressure of 55 mTorr of 15 mins. From previous experiments, we know the
etching rate in z direction should be 26nm/min with this recipe. After RIE etching,
the window was carefully checked under optical microscope, and it should look like
a white color square on pink silicon nitride substrate depending on the thickness of
silicon nitride.

6.3.4 KOH anisotropic etching of Si

The substrate with opening window on topside was then transferred to KOH etching
bench. Here, 35% KOH (potassium hydroxide) was used as etching reactant at 98
°Cfor 5 hours. This wet etching process is an anisotropic process along the silicon
(100) plane. After KOH etching, the chip had to be carefully washed four times in
hot water to to take off residual KOH. The etching angle of anisotropic silicon is 54.7
° following Si’s (100) crystallographic planes, forming pyramidal cavities[101, [102].
The relationship between topside silicon nitride window’s area and the silicon nitride
membrane on backside follows Equation6.]]

2d

l=L—
tanb4.7

= 490um (6.1)

where L is the length of square in the backside, d is the thickness of the silicon of the
chip, and 1 will be the side length of the window in the topside. Since the window on
the backside is 1200um x 1200um, after KOH etching a 490um x 490um membrane
could be manufactured. Further fine ebeam lithography (AFM pattern lithography)
was confined on this topside membrane.

6.3.5 Fine structure ebeam lithography on topside

Repeated sample preparation process as Sectio was done for the topside silicon
nitride membrane. The fine structure patterning on topside is designed as Fig[6.3(B),
where the area of one scanning square is 10um x 10pum. This distance was a good
compromise between AFM scanning speed and tip location accuracy. After ebeam
lithography, repeated development, and silicon nitride plasma etching process was done

as in Section[6.3.3]
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Figure 6.4: (A), Graphite marker before treatment, black circle define the location of target
research area; (B), target area before treatment; (C), target area after avidin treatment

6.3.6 Metallization

The graphite mask with graphite sample was assembled (as Fig[6.3(A)) and put into
physical evaporator for metallization. Under ultrahigh vacuum (10~®mbar), a total
thickness of 15 nm thickness gold was evaporated on the graphite surface with evap-
oration speed of 1 A/s. No lift-off or cleaning process was needed after metallization.
From optical microscope (Figl6.3[C))and AFM (Figl6.3(D)) images, the gold pattern-
ing on graphite is sharp and space between neighboring fine marker is clean, which is
crucial for the next immobilization process.

6.3.7 Usage of graphite mask

Graphite mask can be used for a lot of biomolecule detection research. M.Sc.Kosti
Tapio from the Nanoscience Center used this mask on graphite for avidin height de-
tection (Figure)6.4)) in the same area.

6.4 Adsorption carbon nanotube on silicon

Single walled carbon nanotube from Karlsruhe Institute of Technologyf]] and multi-
walled carbon nanotube (O.D.x L 7-12 nm x 0.5-10 pum) from Sigma-Aldrich companyﬂ
were first dissolved in the 1,2-dichloroethane(Fig[6.4[B)) with sonicator. Before each
deposition, the CNT solution has to be sonicated for 25 minutes again to dissolve the
bundles(Fig[6.4[B)). I dipped carbon nanotubes solution on IPA-washed silicon surface
at 3000 rpms for 60 seconds.

Thttp://www.kit.edu/english/
2http://www.sigmaaldrich.com/catalog/product/aldrich/40607471ang=fi&region=FI
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Figure 6.5: (A)FinnSonic sonicator used in the experiment; (B)Dispersed single walled
carbon nanotubes in 1,2-dichloroethane

From AFM images of Figl6.6] it shows that the diameter of Aldrich multiwalled car-
bon nanotube on the silicon is around 6nm (Figl6.6[(A and C)), while the diameter of
Karlsruhe single-walled carbon nanotube is 2.5nm (Figl6.6(B and D)). The intensity
of carbon nanotube on the surface was low enough to distinguish single CNT and no
significant bundles of carbon nanotubes was found. This proved the suitability of 1,2-
dichloroethane to dissolve carbon nanotube bundles.
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Figure 6.6: (A)Height image of multi-walled carbon nanotube; (B) height image of single-
walled carbon nanotube, with scale size of 1 micrometer; (C) and (D) scanning section data
of multi-walled carbon nanotube and single-walled carbon nanotube



Chapter 7

Imaging isolated proteins and gold
nanoparticles

7.1 Biotinylated gold particle on silicon

In this experiment, biotinylated gold particle with diameter of 5 nm was used as a detec-
tor for avidin-like proteins. So it is crucially important to detect a single gold particles
on the surface. Usually in this size of AuNPs, transmission electron microscopy was a
better choice for its higher resolution. However, for TEM, its standard ¢3 chip made
of copper limits a lot for the next step in the assembly. So in this experiment, only
scanning force microscope and scanning electron microscope were used. In this experi-
ment, evaporation method was used for self-assembly of monolayers, spinning method
was adopted for single AuNPs location and detection.

To find identical biotinylated gold particles with diameter of only 5nm on the surface of
silicon, it needs extremely small error tolerance that needs AFM markers (Figl7.1(A)).
The AFM maker used in this for biotinylated AuNPs is designed as in Fig[7.1], and the

distance between neighboring cross fine structures is 7 micrometer.

After hydrophilic treatment of the silicon surface (2 mins oxygen surface cleaning in
RIE), 4.5 x 107%mol/L biotinylated gold particle solution was spined on it with 1000
rmp. During the spinning period, a majority of AuNPs spinned away, and only very
small amount of AuNPs stayed. Compared with AFM image (Fig[7.1[A)) and SEM
image (Fig[7.1[B)) in the same place, it clearly showed that Raith Eline equipped with
“in-lens” detector can be used for detection of around 5 nm sized AuNPs.

One of the most challenging work with 5 nanometer AuNPs is their such small in-
teraction volume (Figure[7.1] (A)). As we know, the working mechanism of scanning
electron microscope’s detector is to amplify a weak signal into a photon flux under
several times photoelectron transforms through a photomultiplier tube. These signal
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Figure 7.1: (A), CAD design of AFM markers for biotinylated gold partcles; (B) SEM
images of AFM markers on silicon
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Figure 7.2: (A)aptitude image of AuNPs on the silicon; (C) SEM image of AuNPs on the
silicon in the same place

mainly come from two resources, backscattering electrons (elastic interactions of nuclei
of atoms) and secondary electrons (ejected valence electrons). The intensity signal
of both backscattering electrons and secondary electrons are proportional to sample’s
volume, so in this cases, it is very hard to detection such small gold particles.

In order to explain how signal changes with gold particle’s diameter variation, I made
one Monte Carlo Simulation (Figure[7.1] (C)-(E)). This electron trajectory simulation
is based on the following model: 10nm x 10nm x 50nm pure silicon with 2 nm native
silicon oxide was first set up as the substrate; on top of the silicon oxide, one gold
particle (diameter of bnm) without organic layer was placed in the middle. Based on
the practical E-line parameter, the diameter of electron beam is 2 nm at electron volt-
age of 20 keV (Figure[7.1(C)). In total 2000 electron trajectories are simulated at the
same time, and for transmitted electrons are labeled with blue color, the backscattering
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Figure 7.3: (A), Generalized illustration of interaction volumes for various electron specimen
interaction. Auger electrons and secondary electrons comes from very thin region of the
sample surface from 1nm to 50nm. Reprinted from James H.Wittke[I03]; (B)Position of “in
lens” detector and traditional Everhart Thornley detector in the sample chamber. Picture
from Practical electron microscopy and database[104]; (C), Casino (Monte Carlo Simulation
of electron trajectory in solids) model, with 5nm gold sphere (yellow), 2nm thickness native
silicon oxide, and 50 nm thickness of silicon; (D) and (E) Simulation results of electron
trajectories, red ones are backscattered electrons.

electrons are labeled with red ones (Figures. [7.1(D-E)). Besides that, from Figure[7.]
(E), we can also observe that most backscattering electron trajectories are nearly in
the opposite direction of primary electrons. This conclusion may explain why “in-lens”
detector is very useful in this experiment.

In Raith E-line there are three detects: one normal Everhart-Thornley secondary elec-
tron detector (Figure[7.1[B)) nearly horizontal direction of the specimen; one backscat-
tered electron detector; and one InLens secondary electron detector (also the default
use detector) vertical to the sample(Figure[7.1(B)). Energy-filtered “In-lens” detector
was first built for high resolution low energy backscattered electron[I05]. It is not a
single electron detector, but a set of four electron detectors (Figure[7.4(B)). Among
these four detectors: Annular BSE-detector and Annular SE-detector are called en-
ergy selective BE detectors (EsB detectors); the other two detectors, low angle BSE
and high angle BSE detectors are called angular selective BE detectors (AsB detec-



Chapter 7. Imaging isolated proteins and gold nanoparticles 42

Field lens

SE detection BSE detection

F\\Izdermg Seome—emm== e B AR Momas
HEN) [ '
+ \[ s L
\/
i === |

BSE

Electromagnetic
aperture changer

EsB detector

Annular BSE-detector
Annular SE-detector

Beam booster

Magnetic lens

low angle BSE 3

Scan coils

AsB detector —m ‘{ “//high angle BSE 4

Electrostatic lens

Specimen e

Figure 7.4: (A), Left: Bias concept of GEMINI “In-Lens” detector; (B)Right: Filter Grid
and (1)secondary electron imaging, (2)pure high angle backscattered electron imaging, (3)
low angle backscattered electron imaging; (4) high angle backscattered electron imaging[105]

tors)(Figure[7.4(B))[] In Nanoscience center, the Raith eline was equipped with “ In-
Lens secondary electron detector” and normal “secondary electron detector”.

In this experiment, the target specimen are 5 nm gold particles, traditional backscat-
tering detector (BSE-detector) and secondary electron detector (SE-detector) can not
provide such high lateral resolution. For BS detector, most signal comes from 50 nm
or deeper place under the surface, at this depth, the signal are all collected from silicon
substrate. As for traditional SE detector, the main limit of detection comes from large
divergent angle.

Further more, the so called “charging effect” and possible dirty vacuum system (even
at high vacuum condition) will totally destroy the sample after long time espousing.

7.1.1 Self-assembly of AuNPs on silicon

Self assembly of gold particles has been widely researched for its application in opto-
electronics, thermo-electronics, magnetic application and catalysis[44]. Two methods
of preparation of these kinds of 2D superlattices include: adding a bad solvent and
solvent evaporation method.

In this experiment, a total of 50 1 L biotinylated AuNPs with concentration of 4.5 x
107%mol/L was incubated on the surface for evaporation until totally dried. From
Fig{7.1.1[(A), AuNPs are evenly dislocated on the surface, with nearly perfect two
dimensional structure. While, from F igure (B), AuNPs were aggregated into

http://www.raith.com/?xml=solutions%7CLithography+%26+nanoengineering%7Ce_LiNE+
plus’,7CElectront+detection+capabilities
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Figure 7.5: (A),2D monolayer of biotinylated gold particles on the surface of silicon;(B),
AuNPs clusters with isolated gold particles at the edges
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“islands”, and at the edges of these “islands”, we can see some isolated gold particles.
This work is mainly helped by bachelor student Hannu Pasanen.

Another interesting property of biotinylated AuNPs self assembly monolayer, is they
can be easily washed away by deionized water. This is very important for eliminating
false signal of AuNPs that purely physical adsorption on the substrate.

7.2 Immobilization of proteins on the graphite

As it mentioned in the Chapter 5, protein immobilization can be done by both chemical
and physical methods. In this section, only non-covalent method is used. Proteins’ co-
valent immobilization on functionalized carbon nanotube are presented in next chapter.

Chimeric avidin [106](Institute of biomedical technology, University of Tampere) kept
at -20 Celsius was diluted into lug/ml, 10ug/ml and 100ug/ml with phosphate buffered
saline (PBS) at room temperature. They were separately incubated on the surface of
graphite for 5 mins, and washed three times with deionized water.
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Figure 7.6: (A) Height data of separated 1ug/ml chimeric avidin incubation on graphite for
5 mins, scanning size 500nm x 500nm, on the right the section data of one line, the height
of one single chimeric avidin is around 3 nm

From Fig[7.2] (A) and (B), it clearly showed that for low concentration (lug/ml)
chimeric avidins were distributed evenly on the surface.The height of one single chimeric
avidin in dry condition varied from 2 to 3 nanometer, which is slight lower than X-ray
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crystalline prediction. This experiment tells that even chimeric avidin has similar car-
bohydrate component as streptavidin, the non-covalent binding seems inevitable.

Figure 7.7: (A)3D image of lug/ml chimeric avidin on graphite (B) 3D image of 10ug/ml
chimeric avidin on graphite; (C) 3D image of 100ug/ml chimeric avidin on graphite; scanning
size= 500nm

Similarly method for another two different solution concentrations 10ug/ml and 100ug/ml
chimeric avidin was also done on graphite. There images are shown in Figure[7.2] (B)
and (C).

-6.0 nm -6.0 nm

9

0.0 Height 1.0 um 0.0 Height ] 1.0 um

Figure 7.8: (A)5mins 10ug/ml chimeric avidin incubation on graphite with scanning size of
1 micrometer. Here obvious aggregation can be founded. (B) 20mins incubation of 10ug/ml
streptavidin on surface of silicon where high density isolated streptavidin can be found, but
no aggregation phenomena

Compared with different concentration of chimeric avidin’s physical adsorption on
graphite (Figf7.2] (A)-(C)), it clearly showed that when chimeric avidin’s concentra-
tion increase up to 10ug/ml, the protein was more likely to aggregated into monolayer
(FigA)) on graphite. However, this is not the case for all the substrate. For sil-
icon substrate, higher concentrated protein (FigD)) only increases the density of
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separated proteins. One possible explanation is due to rigidly of silicon restrict the
protein’s movement.



Chapter 8

Functionalization of nanotubes with
protein

8.1 Non-covalent immobilization of protein on car-
bon nanotube

Immobilization of protein on carbon nanotube and detection with biotinylated AuNPs
is a assembly process. This assembly process can be naturally divided into three steps:
carbon nanotube adsorption on silicon; protein immobilization on carbon nanotubes
and biotinylated AuNPs specific binding with avidin. For the first two steps, I have
already shown carbon nanotube deposition in Chapter. 6.4 and protein immobilization
in Chapter. 7.2. So, in this section, I will not use tedious sentences to repeat these
experimental steps.

One isolated single-walled carbon nanotube was scanning under AFM and SEM before
and after non-covalent immobilization of chimeric avidin with the help of AFM markers.
The single-walled carbon nanotube before streptavidin was recorded in Figure.(A).

After fixation of carbon nanotube, the sample was immersed in lug/ml streptavidin
solution for 20 mins based on Dai et al’s method. The height changes before and af-
ter protein immobilization was then recorded by AFM (FigR.1[B)). Comparing with
Figure[8.1(A) and Figure[8.1(B), we can clearly see that, streptavidin were located
both on carbon nanotube and on silicon surface. The height variation before and after
streptavidin incubation of carbon nanotube is a bit of trick to analyze, since protein
will round the diameter of CNT that limits the accuracy of observation.

Immersed the sample immediately into the PBS for 1 hour in order to recover the
protein’s activity. After that biotinylated AuNPs was added to bind with streptavidin,
and then transferred into scanning electron microscope for detection. The SEM result
are shown in Fig[8.I] The intensity of biotinylated AuNPs was lower than protein’s

47



Chapter 8. Functionalization of nanotubes with protein 48

3.0 nm 3.0 nm

-2.0 nm

0.0 Height 1.2 um 0.0 Height 1.2 um

Figure 8.1: A,Single walled carbon nanotube on the silicon; B, Nonspecific adsorption of
streptavidin on carbon nanotube

Mag= 3230 K X
200nm

|—| Mag Range = 3 WD= &mm Systern Yacuum = 3.91e-007 mBar  User Name = DOSHAO e Z INE

Date 16 May 2013

EHT=1600 kY Gun‘acuum = 5.05e-010 mBar Signal A = InLens B

Figure 8.2: Scanning electron microscope of carbon nanotube with streptavidin and bi-
otinylated AuNPs
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density shown in AFM images. Two possible explanations are: (1) the process of AFM
imaging of streptavidin immobilized carbon nanotube was in dry condition, some strep-
tavidin may loss its activity during this process; (2) the streptavidin was nonspecific
binding on the surface, the orientation of streptavidin was uncertain, the reaction part
of protein may be hindered.

8.2 Covalent immobilization of protein on function-
alized carbon nanotube

Covalent immobilization of protein on carbon nanotube is a kind of trick part of the
whole experiment, because even without cross-linker, chimeric avidin will finally “gripe”
carbon nanotube by hydrophobic interaction in the end. Some methods to eliminate
this side interaction used in this experiment: (a), shorten incubation time, I change
usually 20 minutes incubation period to 30 seconds; (b), wash the sample by deionized
water several times to take away unstable binding protein.

8.2.1 Hydrogen peroxide treatment of carbon nanotube

Hydrogen peroxide treatment of multi-walled carbon nanotube and single-walled car-
bon nanotube’s method was similar with hydrophilic treatment of graphite. The ex-
periment results (Figure.shows that, after 45 minutes 35 percent hydrogen peroxide
treatment, the carbon nanotube on silicon will not change its location. The height data
of the same carbon nanotube (Figurel8.3|C)) shows the variation of carbon nanotube’s
height is in Inm. Some possible explanation for this height changes may come from
the destruction of MWCNT’s outer shell.

The whole sample was then immersed in 1mg/ml 1-Ethyl-3-(3-dimethylaminopropyl)
carbodimmide for 30 seconds, and then changed into 50mg/ml N-Hydroxysuccinimide
solution. These two process are chemical reactions in order to form semi-stable reactive
NHS ester (Details see Chapter 5.3.1 Covalent functionalization of carbon nanotube).
After three times cleaning in deionized water, 10ug/ml chimeric avidin was added and
incubated for 30 seconds, which should bind with NHS ester and form a peptide. Im-
mediately washed the sample for three times and transfered it for AFM scanning.

Considering the phase image and height data image (Figi8.4) of covalent immobi-
lization, we can clearly see the “necklace” structure. Here, the “jewelleris” made of
chimeric avidin locate along the “string” composed by carbon nanotube. But this is

not a conclusive result of a successful covalent binding of protein on NHS ester groups
on carbon nanotube. If we compare Fig[8.4(B) to and Fig[8.4(C), we can clearly see
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Figure 8.3: (A) Multi-walled carbon nanotube before hydrogen peroxide treatment; (B)
The same multi-walled carbon nanotube after hydrogen peroxide treatment; data scale of
-5nm to 7Tnm

the “relative height changes” of carbon nanotube, which is caused by covalent binding
of protein on the silicon NHS ester surface. Hydrogen peroxide solution has strong
oxidation property, it can not only oxidize reactive carbon atoms on carbon nanotube,
but also silicon surface at the same time. This hydroxyl group functionalized by hy-
drogen peroxide did the same reaction with EDAC and NHS, which made this carbon
nanotube finally immersed in the sea of protein. But, in general, this is a promising
experiment, and further research is being considered.
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Figure 8.4: (A), Multiwalled carbon nanotube before hydrogen peroxide treatment; (B),
After hydrogen peroxide treatment, the location of multiwalled carbon nanotube stay the
same; (C), Height image of protein immobilization, the black circle indicates protein’s loca-
tion; (D)Phase image of protein immobilization, can we can clearly see the protein “ jew-
elleris”along carbon nanotube “necklace” structure



Chapter 9

Summary

Carbon nanotube based next generation “point of care” biosensor has attracted more
and more researcher’s attention due to its unique theoretical and practical application.
It is such an interesting and a bit of complicated research area, that a systematic study
seems very unlikely to finish in just a two year’s master degree study. Therefore, fur-
ther research will carry on based on the current research results.

In this master degree period, I first tried to detect and observe in practise carbon
nanotube based biosensor’s individual components, such as protein, substrates, gold
nanoparticles etc. In the final part, I assembled one simple sample to test its validity
on silicon. From these testing results, I think it is not too farreaching to draw the
following two conclusions: (A) hydrogen peroxide treatment is one possible methods to
functionalized multiwalled carbon nanotubes; (B) using NHS-EDAC two steps binding,
we may get a covalent linking chimeric avidin to functionalized carbon nanotube.

For further research, more quantity testing system with more controllable and repeat-
able methods will be included, which should give us more conclusive result.
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Chapter 10

Supramolecular chemistry

From history view of nanotechnology and nanoscience, it is very clear that some of the
most original and basics ideas such as “bottom up principle” [107], “self assembly” [107],
“molecular machinery” [10§] are all very firmly related to “non-covalent interaction” or
supramolecular chemistry[109].

10.0.2 Primary bonding and secondary bonding

Table 10.1: Bond strength of different primary and secondary bonding

Types of interaction bondings Bond strength

Tonic bonds 600 kJ/mol to 16,000 kJ/mol
Covalent bonds 200 kJ/mol to 1000 kJ/mol
Metallic bonds 60 kJ/mol to 800 kJ/mol
avidin - biotin 107.6 kJ/mol[10]

chimeric avidin- biotin 112.6 kJ/mol[10]

Ion-dipole interaction 50 to 200 kJ/mol
Dipole-dipole interaction 5 to 50 kJ/mol

Hydrogen bonding 4 to 120 kJ/mol

7- 7 interaction 8-12 kJ/mol

Van der Waals interaction 0.4 to 4 kJ/mol
Hydrophobic interaction about 2.5 kJ/mol

Unlike the definition in physics, strong interaction (primary bonding) between atoms in-
clude ionic, covalent, metallic bonds. And usually the energy of these bonds (above 100
kJ/mol) are far too high than thermal energy at room temperature (2.5 kJ/mol) that
can not be broken by temperature[I10]. Instead of strong interaction, supramolecular
chemistry deal with non-covalent interactions (5 to 80 kJ/mol) like ion-dipole, dipole-
dipole, hydrogen, m-7, Van der Waals forces, and hydrophobic interactions. Since the
energy of secondary bonding is much more similar with thermal energy, it is possible
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to only break secondary bonding (sonication, heating etc) while leaves alone primary
bonding under laboratory condition (see Table ).



Chapter 11

Facilities used in the experiments

11.1 Confocal microscope

Microscopes is an widely used research facility date back to 17th century, and have
played a fundamental role in modern science’s development[I11]. The confocal micro-
scope used in this experiment was Olympus Fluoview 1000, for dark field image, the
microscope used was Olympus BX51M. Some parameters of Olympus Fluoview 1000
confocal microscope is list in the Table[I1.]

Table 11.1: Microscope settings

Parameter  Settings

Microscope Olympus 1X81

Confocal Olympus FluoView 1000

Laserlines  488nm (argon), 543nm (HeNe), 633nm (HeNe)
Objective ~ UpLSAPO 60x oil (NA=1.35)

Filters 500-530nm, 570-640nm, 650nm long pass filter
Image size  640x 640 pixels

11.2 Scanning electron microscope

Ernst Ruska and Max Knoll in early 1930s built the first transmission electron micro-
scope to overcome the “Ernst Abbe’s theoretical resolution limit”, which extended the
microscope’s resolution to nanoscale[112].

In this master thesis, scanning electron microscope used was Raith e-Line which was

designed for electron beam lithography (feature size less than 20nm) and high resolution
SEM imaging. Some key specification of Raith e-line was list in the Table
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Table 11.2: Raith Eline’s parameters from Nanoscience Center

Properties Measured
Filament Schottky thermal field emission source
Beam size 1.8nm 20 keV
3.5nm 1 keV
Beam current range 5 pA- 20 nA
Beam energy 100 eV - 30 keV
Min.feature size 18.2 nm line

And besides normally secondary electron detector (Everhart-Thornley detector), Raith
Eline also includes one “in lens” electron detector which explains the high lateral
resolution images of gold particles and carbon nanotube in this paper (see https:
//www.raith.com).

11.3 Scanning force microscope

In early 1980’s G.Binning invented the scanning probe micrsocopy[113] that provided
a new method not only see but manipulate nanoscale oject[ITI].Scanning force mi-
croscopy is a high resolution imaging facility, in vertical direction, the accuracy of
scanning force microscopy can be as high as O.lAﬂ]ﬂﬂ. Another distinguished prop-
erty of scanning force microscope is that they can work in different environments, from
ultrahigh vacuum to liquid condition. And now scanning force microscopies has been
widely used in biology and materials science[115].
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Figure 11.1: (A), Arrow NCR probe cantilever; (B), Long PNP-DB-20 contact tip

In this master thesis, the scanning force microscope used are Digital Instruments,
Dimension 3100 (NanoScope IV) and (Nanoscope V). And the software to analyze
data is Bruker NanoScope Analysis 1.40. Without specific mention, the tips used in
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this experiment are: Aspire CT 300 Conical Tapping Mode AFM Probes [] and Arrow
NCR probes (Fig.(A)) for tapping mode in dry condition E] And for liquid tapping
mode and liquid contact mode, PNP-DB-20 (Figll1.1(B)) from Nanoworld were used?]
All these tips are guaranteed with typically tip radius less than 10 nm.

11.4 Physical vapor deposition

In this experiment, ultra high vacuum (UHV) evaporator supplied by Instrumentti
Mattila Oy manufactured in 1998. This instrument can used for deposition metals
with pressure of 10~® mbar ﬁ Based on kinetic theory of molecule, the mean free path
(MFP) can be calculated as
A\ - KBT
MFP = —\/5 Pd?

where K = Boltzmann constant, T= temperature, P=pressure, d=diamter of molecule.

(11.1)

Considering gold atom used in this experiment at room temperature (300K), the mean
free path is far beyond the diameter of UHV chamber. So all the trajectories can be
seen as ballistic.

11.5 RIE/CVD

Reactive ion etching instrument used in this experiment is Oxford Instruments Plas-
malab 80 plus PECVD + RIF’l Available gas include Ar, Oy, SFs and CHF3;. The
working temperature vary from -150 degree to +400 degree.

'https://http://www.nanoscience.com/index.html
?http://www.nanoworld.com/tapping-mode-reflex-coated-afm-tip-arrow-ncr
3http://www.nanoworld.com /pyrex-nitride-rectangular-silicon-nitride-cantilever-afm-tip-pnp-db
‘http://www.instrumentti-mattila.fi/home.html
Shttp://www.oxfordplasma.de/systems/80plus.htm
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