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Abstract

Diamond is researched in biological context for decades. Fundamental research has

established diamond as a material that combines a pronounced compatibility with

biological entities and resilience against even the harshest chemical and physical

conditions. The present dissertation strives to improve the abilities of diamond in

this matter even further by utilizing methods of nanostructuring and biochemical

functionalization. Numerous characterization methods are used to monitor each step

in detail and to evaluate the bene�t at any given time in the development process.

In detail, the promising applications of thin diamond �lms as implant coating and

biosensing platform are investigated.

The aim for the implant coating part is to implement silver into the ultrananocrys-

talline diamond (UNCD) �lm to provide antibacterial properties. This could prevent

the development of post-surgical bacterial infection. The prepared UNCD-Ag �lms

are investigated concerning the �lm composition, the release of silver ions in aqueous

environment and tested against two kinds of bacteria. The main focus however is

the immobilization of proteins on the UNCD surface for sensing purposes. Di�erent

strategies for covalent immobilization of GFP on di�erently modi�ed UNCD surfaces

are tested. Furthermore, the impact of nanostructuring of the UNCD surface on the

immobilization performance is investigated as well. Three di�erent antigen-binding

proteins are also tested: a conventional antibody and two arti�cially created binding

proteins. At the end a protocol for the complete immobilization process is presented.

The Introduction gives a short insight in the motivation of the present work and its

relevancy to the state of research. In the Fundamentals part a brief insight into the

history of diamond synthesis is given. Chemical vapor deposition is presented in

more detail concerning techniques used and investigation on the growth mechanism,

which enables the deposition of diamond thin �lms with di�erent crystallinities.

The underlying mechanism of the interaction between diamond surface and cells or

biomacromolecules is presented. In the Methods part all devices and processes used

either for creation or investigation of the samples are presented. The Results part

shows each experiment in detail and result discussion in a broader context. At the

end all gathered results are summarized to reach the conclusions presented.

i



Zusammenfassung

Diamant wird seit Jahrzehnten im biologischen Kontext erforscht. Ziel der vor-

liegenden Dissertation ist es, die Biokompatibilität durch den Einsatz von Nanos-

trukturierung und biochemischer Funktionalisierung noch zu erweitern. Zahlre-

iche Charakterisierungsmethoden werden verwendet, um jeden Schritt im Detail zu

überwachen und den Nutzen zu jedem Zeitpunkt im Entwicklungsprozess abzuwä-

gen. Im Detail werden die vielversprechenden Anwendungen von Diamantschichten

als Implantatbeschichtung und Biosensorplattform untersucht.

Das Ziel im Teil zur Implantationsbeschichtung besteht darin, Silber in den ul-

trananokristallinen Diamant�lm (UNCD) einzubringen, um antibakterielle Eigen-

schaften bereitzustellen. Dies könnte die Entwicklung einer postoperativen bak-

teriellen Infektion verhindern. Die präparierten UNCD-Ag-Filme werden hinsichtlich

der Filmzusammensetzung, der Freisetzung von Silberionen in wässriger Umge-

bung untersucht und gegen zwei Bakterienarten getestet. Das Hauptaugenmerk

liegt jedoch auf der Immobilisierung von Proteinen auf der UNCD-Ober�äche. Es

werden verschiedene Strategien zur kovalenten Immobilisierung von GFP auf un-

terschiedlich modi�zierten UNCD-Ober�ächen getestet. Darüber hinaus wird der

Ein�uss der Nanostrukturierung der UNCD-Ober�äche auf die Immobilisierung un-

tersucht. Getestet werden auch drei verschiedene Antigen-bindende Proteine: ein

konventioneller Antikörper und zwei künstlich hergestellte Bindungsproteine. Am

Ende wird ein Protokoll für den kompletten Immobilisationsprozess präsentiert.

Die Einleitung gibt einen kurzen Einblick in die Motivation der vorliegenden Arbeit

und ihre Relevanz für den Forschungsstand. Im Grundlagenteil wird ein kurzer Ein-

blick in die Geschichte der Diamantsynthese gegeben. Die chemische Gasphasen-

abscheidung wird ausführlicher in Bezug auf verwendete Techniken und Unter-

suchungen zum Wachstumsmechanismus vorgestellt. Die grundlegenden Interak-

tionen zwischen Diamantober�ächen und Zellen bzw. Biomakromolekülen wird

vorgestellt. Im Methodenteil werden alle Geräte und Verfahren vorgestellt, die

entweder zur Erstellung oder Untersuchung der Proben verwendet werden. Der

Ergebnisteil zeigt jedes Experiment im Detail und deren Diskussion in einem bre-

iteren Kontext. Zuletzt werden alle gesammelten Ergebnisse zusammengefasst und

ein Fazit gegeben.
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1 Introduction

Diamond is undeniably a material of the extremes. It has exceptional properties,

even excelling in various attributes, and is naturally created under extreme condi-

tions in geological time scales. For scientists and engineers diamond has therefore an

inherent attraction due to its excellent properties, but on the other hand was for a

long time hardly available due to its scarcity and consequent high value as a desired

gemstone. One of the most in�uential scientists who worked on diamond was C. V.

Raman, discoverer of the Raman inelastic light scattering which is one of the most

commonly used methods for characterization of diamonds nowadays. He described

his e�orts to achieve diamonds for his research in the early 1920s as followed:

"The di�culty of obtaining the material in a form suitable for exact

studies has, however, been a serious obstacle to progress. Indeed, in

the early days, I was reduced to the expedient of borrowing diamond

rings from wealthy friends who, though willing to oblige, were slightly

apprehensive about the fate of their property!" [1] - C. V. Raman, 1942

In spite of the di�culties to obtain diamonds for scienti�c endeavors, the impact

of diamonds are obvious throughout science history. Measurements of the speci�c

heat of diamond by H. F. Weber in 1875 were, for example, the base of A. Ein-

stein's paper in 1907, where he proposed his model for the temperature dependence

of the speci�c heat in solids [2, 3]. From a scienti�c standpoint striving to create

synthetic diamonds is a logical consequence, which is even more persuasive from the

engineering point of view since the most visible primary characteristic of diamond

is its sublime mechanical endurance. In the late 1940's e�orts to create synthetic

diamond were intensi�ed after decades of false claims of man-made diamonds.

The details how it was ultimately possible to create diamond and what synthesis

pathway is used in this thesis will be discussed later, but there are some milestones
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1 Introduction

Figure 1.1: Raw diamonds in the sorting center of the ALROSA mining company
in Mirny, Russia. These examples show the typical octahedral shape of
raw diamonds as well as di�erent states of layer growth on the facets.
(Image taken by Natasha Ptukhina, Creative Commons license: CC BY
3.0)

worth mentioning shortly in this introduction. Because diamond is formed out of

carbon under high pressure and high temperatures with the vast majority formed

in the earth's mantle in a depth of about 150 to 250 km [4], it was logical to recre-

ate these harsh conditions in an attempt to create synthetic diamond. With such

a high pressure, high temperature (HPHT) approach Bundy et al. from the Gen-

eral Electric company reported in 1955 the creation of man-made diamonds out of

non-diamond carbon precursors [5]. This method is costly due to the needed equip-

ment and the energy consumption is rather high to achieve the growth conditions.

An alternative, namely chemical vapor deposition (CVD), which works in low pres-

sure metastable regions was developed by W. G. Eversole from the Union Carbide

company in 1952, two years earlier than Bundy, but Eversole grew diamond on di-

amond substrate seeds, whereas Bundy created diamond without the necessity of

diamond seeds [6]. Eversole's pioneering work was progressed by Angus et al. in

1968 with fundamental works on diamond CVD technology and investigations about

the growth mechanism of CVD diamond [7]. In 1976 B. V. Deryagin introduced the

addition of atomic hydrogen during the deposition process to enhance the growth
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1 Introduction

rates drastically and enabling the nucleation of diamond crystallites on non-diamond

substrates [6].

With these advances in a period of over 30 years from the 1950s to the 1970s all

over the world, it was �nally possible to create single diamonds and diamond coat-

ings in great amounts for commercial and scienti�c purposes on demand. Nowadays

the global production of synthetic industrial diamond is around several hundreds of

tons per year (2016: 880 tons) [8]. Most of it is used for tools to utilize the sublime

mechanical properties of diamond, starting from gigantic tunnel boring machines

with diamond drill tips down to surgical scalpels with diamond blades. The scien-

ti�c community was also intrigued since the ability to grow diamond includes the

possibility to control the impurities in diamonds to a certain degree. Natural dia-

monds are commonly colored which implies optical activity. The colors are caused

by crystal imperfections such as foreign atoms, lattice defects like vacancies or a

combination of both. In 1976 the microscopical structure and optical properties of

the most prominent color center, the nitrogen-vacancy center (NV), was investigated

by G. Davies and M. F. Hamer triggering the interest of the scienti�c community

and adding yet another impressive feature to diamond for research in the following

decades [9]. Today diamond with its color centers is a promising candidate as a

host material for qubits in quantum information technology (QIT) [10] and as a

single photon source at room temperature [11]. Aside from engineering and quan-

tum applications diamond gained a growing interest as a material in a biological

context over the years. HPHT and related methods result in diamond particles with

ranges of a few nanometers to several millimeters, whereas CVD is predominantly

used to deposit diamond coatings on non-diamond substrates. Both appearances of

synthetic diamond have shown that they can be used in biological applications.

The most basic requirement for a biological material of any kind is the biocompat-

ibility, which is substantially for diamond. It does not damage cellular life and is

resistant to a broad range of chemical hazards, from alkaline to acidic conditions as

well as against oxidizing and reducing agents [12, 13]. Therefore, diamond surfaces

can provide inherently substantial cellular adhesion in combination with inertness

against any environment that the cells need or create. Naturally, the surface prop-

erties are of special interest for these applications. Diamond is usually terminated

3



1 Introduction

with hydrogen atoms to saturate the bonding sites of unsaturated carbon atoms at

the diamond-air interface, which renders the surface inert. The surface termination

can be tailored to accommodate the requirements for desired application, for ex-

ample, by high energy methods like plasma or photo chemical treatment [14, 15].

Functional groups like hydroxyl- or amino-groups can be introduced as surface ter-

mination, which in�uence the surface properties like wetting. H-terminated surfaces

are rather hydrophobic, whereas OH- or NH2-terminated surfaces are highly hy-

drophilic, which bene�ts the cell adhesion greatly [16]. With introduction of �uorine

on the other hand, the surface becomes highly hydrophobic [17, 18]. The relatively

easy way to obtain these completely contrary properties from one and the same ma-

terial shows the high versatility of diamond surfaces. Besides surface termination,

the surface roughness has a major impact especially on the ability of cells to adhere

on surfaces. CVD diamond can be created with di�erent morphologies and conse-

quently di�erent surface roughness. From single crystalline diamond (SCD) �lms,

with a uniformly �at surface to poly- and nanocrystalline diamond (PCD/NCD),

with clearly visible crystal facets of several micrometers, down to ultrananocrys-

talline diamond (UNCD) �lms [19, 20]. The latter will be used in this thesis due to

its properties favorable for biological applications. UNCD is a composite material

consisting of diamond crystallites with diameters below 10 nanometers embedded in

an amorphous carbon matrix, resulting in a surface dominated by rounded features

with diameters of approx. 100 nanometers. This surface morphology bene�ts the

cell adhesion due to the comparable dimensions of the surface features [21]. The

aforementioned possibility of tailoring the surface termination applies to UNCD as

well. The surface termination changed by di�erent treatment methods opens also

the possibility to functionalize the surface further with bio(macro)molecules like

DNA-/RNA-segments or polypeptides and proteins via coupling chemistry routes.

The resulting diamond surfaces can be implemented as a sensor platform depending

on the type of immobilized molecule. DNA-/RNA-sequences can sense the corre-

sponding sequences [22], antibodies can detect pathogenic bacteria and viruses, as

well as other antigenic molecules that provoke an immune response [23, 24]. If en-

zymes are immobilized, the �tting reagent can be detected by sensing the product

of the enzymatic reaction [25, 26]. A combination of these principles is also possible.

As one can see there are multiple reasons to study diamonds and especially their

surfaces as potential bio-material due to their high �exibility and versatility.
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1 Introduction

In this thesis UNCD is used as the material of choice for two possible applications

that were investigated here: Firstly, UNCD as an implant coating with engineered

antimicrobial properties and secondly, UNCD as a bio-sensor platform for detection

of secreted neuropeptides. For the �rst case, UNCD samples were prepared with

embedded silver particles to provide antibacterial properties and the e�ectiveness

of these coatings are tested against di�erent bacteria strains. For the second ap-

plication di�erent established coupling routes are studied to immobilize proteins on

as-grown and modi�ed UNCD surfaces with and without nanostructured surfaces.

The success of the immobilization and the di�erent preparation strategies is vali-

dated with �uorescent studies. The results of these experiments are discussed with

respect to the current state of research in this �eld.
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2 Fundamentals

In this section the fundamental basics regarding diamonds and their biological ap-

plications are discussed. The research on diamond from a historic point of view is

presented, as well as the outstanding physical and chemical properties of diamond

are explained based on solid-state physics principles. More details about the chal-

lenge to create synthetic diamonds are shown with emphasis on CVD diamond and

the in�uence of di�erent parameters during the CVD deposition on its properties,

which is extensively used in this thesis. Furthermore, the former and current re-

search on biological applications of CVD diamond are presented and discussed in

context of the objectives of the thesis. At the end, the scienti�c essentials of the

biological systems which are necessary for the thesis are addressed as well.

2.1 General Properties of Diamond

Diamond is a native mineral made of carbon. Under standard conditions diamond is

a meta-stable carbon con�guration, which is formed under great pressure and high

temperature in the earth's mantle and transported by geological processes to the

surface in geological time scales. Ever since the discovery of diamond, presumably

4000 B.C. in India, it was scarce and therefore a valuable gem stone famed for its

durability and credited with mystical powers. This is re�ected in the name derived

from ancient Greek άδάµας (adamás) that translates roughly to 'unbreakable', 'un-

alterable' or 'untamed'. The �rst application as a tool is reported around 77 A.D.

by Roman natural philosopher Gaius Plinius Secundus in his work Naturalis Histo-

ria, which states that diamond powder was used for processing of other gemstones

[27]. The elemental composition of diamond was revealed in 1772 by French chemist

Antoine-Laurent de Lavoisier, who burnt a diamond in an airtight glass cylinder

with oxygen atmosphere by ignition with a burning lens [28, 29]. The gaseous prod-

6



2 Fundamentals 2.1 General Properties of Diamond

uct of the burning was led into limewater (Ca(OH)2) resulting in precipitation of

calcium carbonate (CaCO3), proving that carbon dioxide (CO2) was formed in the

process. He repeated the experiment in vacuum and CO2 atmosphere and did not

observe burning. With this results de Lavoisier and other scientists repeated and

re�ned the experiments and concluded that diamond was solely made out of carbon,

which implies that elements could appear in di�erent forms in the same state of

matter (establishing the concept of allotropy of the elements) [30].

Figure 2.1: Energy levels of the n = 2 atomic orbitals. The ground state has two
electrons in the 2s orbital of which one is promoted into the 2p orbital.
After hybridization the sp3 hybrid orbitals are energetically degenerated
and occupied with one electron each. Note that the energy of the hybrid
orbitals is in between the energy levels of the original atomic orbitals.

Carbon is the sixth element of the periodic table (group 14) with the electron con�g-

uration 1s22s22p2, providing four outer shell (n = 2) electrons for covalent bonding

(Fig. 2.1). With 200 ppm it is the 15th most abundant element on earth [31] and

the main component of life in earth's biosphere, since its outstanding bonding be-

havior enables the formation of large information-carrying macromolecules (DNA,

RNA) in the conditions the earth provides [32, 33]. Graphite is the most common

form of carbon in earth's lithosphere, which is another carbon allotrope and the

stable con�guration under standard conditions. Whereas diamond is known as the

hardest natural mineral, graphite is very brittle and can be crushed with little force

applied. To understand this diametrical behavior despite being made up from the

same element, one has to look into the atomic level of the solid-state matter. If

two atoms are brought close together the atomic orbitals overlap and a quantum su-
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2 Fundamentals 2.1 General Properties of Diamond

perposition is generated. The atomic orbitals are hybridized according to the linear

combination of atomic orbitals (LCAO) theory and form hybrid orbitals which allow

the correct interpretation of the layout geometry of molecules. This was somewhat

intuitive for L. Pauling. He noted that despite the four electrons of carbon having

di�erent energies (two in the lower energy 2s orbital, two in the higher energy 2p

orbitals), the bond energies between carbon and hydrogen in methane (CH4), for

example, are equivalent for all four covalent bonds. This observation indicates that

the energy levels are in fact degenerated [34]. This energetic degeneracy is created

with hybridization of atomic orbitals. A carbon atom can bond to two, three or

four binding partners and the hybridization provides the corresponding number of

hybrid orbitals, suitable to overlap with the atomic orbital of the binding partner

and thus forming the covalent bond (Fig. 2.2).

Figure 2.2: Shape and geometry of hybrid orbitals of carbon with two (sp), three
(sp2) or four (sp3) binding partners. (Taken and adapted from com-
mons.wikimedia.org (30.12.2020), Creative Commons license: CC BY-
SA 3.0)

The process of hybridization starts with the energetic promotion of an electron from

the 2s orbital to a 2p orbital leaving all four atomic orbitals of the carbon atom �

2s, 2px, 2py and 2pz � occupied with one electron each [35]. If the carbon atom in

question has two binding partners like hydrogen and carbon in acetylene (C2H2),

the 2s and one 2p orbital hybridize to two sp hybrid orbitals. The remaining two

2p orbitals form π-bonds between the carbon atoms creating a strong triple bond

with a bond order of 3 [36]. Due to the Pauli exclusion principle the hybrid orbitals

repel each other and orient themselves in spherical geometry with highest possible

distance. For two hybrid orbitals this would be an angle of 180° in between, giving

a linear geometry of the acetylene molecule. With three carbon atoms as bonding

8



2 Fundamentals 2.1 General Properties of Diamond

partners three sp2 hybrid orbitals are formed from the 2s orbital and two 2p orbitals.

The geometry is trigonal planar, a plane with an angle of 120° between the hybrid

orbitals, the remaining 2p orbital is perpendicular to the plane and contributes to

the bond energy as well to a bond order of 1.5. The 2-dimensional, one-atom-thick

carbon layer is called graphene and is the building block of graphite which is made

up of stacks of graphene with a layer-to-layer distance of 335 pm in a hexagonal crys-

tal system. The brittle nature of graphite can then be explained by the di�erence in

the bond energy of the covalently bonded carbon atoms in-plane of 4.3 eV and the

bond energy between the di�erent graphene layers of 0.07 eV , 60-fold smaller [36].

Consequently, it is easy to shift graphene layers against each other, but breaking

the carbon-carbon bond of the layer is very hard. That is the reason why graphene

is a potential material in engineering since it is much lighter and concurrently much

stronger than steel. Other carbon allotropes like the molecular fullerenes and car-

bon nanotubes (CNT) with a higher 3-dimensional order, are also made up of sp2

hybridized carbon and are created under more extreme conditions like detonations

or arc discharges. CNTs have peculiar mechanical and electrical properties which

makes them interesting for the respective �elds. The rolling of the graphene layer

has an additionally great e�ect on the electronic band structure. Graphene has a

high metal-like electronic conductivity as a zero-gap semiconductor along the plane

[37], whereas CNTs can have metallic or semiconducting behavior depending on the

type of CNT, which makes them interesting as material for electronic devices like

transistors [38]. In diamond, carbon is bonded to four neighboring carbon atoms.

The 2s and all three 2p orbitals create four sp3 hybrid orbitals in a tetrahedral

geometry with angles of 109.28°. The bond energy is 3.6 eV , the bond length is

154 pm and the bond order is 1 [36]. Despite having a weaker bond energy than

graphite, the 3-dimensional structure of the diamond lattice with four equally strong

carbon-carbon bonds evenly distributed in all directions creates the hardest natural

material known to mankind.

The diamond lattice is a face-centered cubic (fcc) crystal system with a two-atom

basis, where the second carbon atom is displaced with a translation of (1/4, 1/4,

1/4) from the origin carbon atom (Fig. 2.3). It can be therefore interpreted as two

fcc lattices shifted by 1/4 of the lattice constant a0 in all dimensions [36]. That is

why the atomic packing factor of the diamond cubic structure is 0.34 compared to
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Figure 2.3: Structure of the diamond lattice. Red, blue and green lines have the
same length with the lattice constant a0 = 357 pm. Single conventional
unit cell (a) holds a total of eight carbon atoms (8 ·1/8 + 6 ·1/2 + 4) and
2x2 unit cell structure (b). (Created with JSmol open source software
in version 14.0)

0.74 of usual fcc lattices which are more densely packed. The lattice constant a0 for

a diamond unit cell is 357 pm at 300 K. Because of the wide indirect band gap of

diamond of 5.47 eV at 300 K diamond is a good insulator with electrical resistivity

of up to 1016 Ω · m [39, 40]. These values vary with the concentration of foreign

atoms like boron (p-type) and phosphorus (n-type). Especially boron is used since

boron atoms are smaller than carbon atoms and are readily incorporated into the

diamond lattice [41]. With a boron concentration of 1017− 1019 cm−3 semiconduct-

ing behavior is achieved and with higher boron doping of ≥ 1020 cm−3 metal-like

conductivity at room temperature is possible and even superconductivity at certain

conditions [42].

Not only the bulk conductivity can be tuned, also the surface conductivity of di-

amond can be tailored. Natural diamond is usually either oxygen or hydrogen

terminated since these terminations are stable in air. The surface termination has

a great e�ect on the electron a�nity χ, which is the energy di�erence between the

conduction band minimum and the vacuum level, where electrons are released from

the bulk (Fig. 2.4). Whereas oxygen terminated diamond surfaces have a positive

electron a�nity (PEA) with insulator properties, hydrogen terminated diamond sur-

faces have a negative electron a�nity (NEA) showing p-type surface conductivity.

For hydrogen terminated diamond with χH = −1.1 ± 0.1 eV , the vacuum level is

1.1 eV below the conduction band [43]. Such NEA diamonds have electrical sur-
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Figure 2.4: Energy levels at the adsorbent-diamond interface. The energy band gap
of diamond is Eg = 5.47 eV . EV AC is de�ned as 0 eV . For hydro-
gen terminated diamond with χH = −1.1 eV , the valance band maxi-
mum EV BM is at −4.37 eV . The chemical potential µe for the standard
hydrogen electrode is at −4.44 eV and further reduced for the couple
O2+4 H++4 e− = 2 H2O depending on the pH of the adsorbent layer from
−4.83 eV (pH 14) to −5.66 eV (pH 0). In these cases EV BM is above the
chemical potential thus allowing quantum tunnelling. For oxygen ter-
minated surfaces this is not the case. (Reprinted with permission from
[43])

face conductivity of 10−4 to 10−5 Ω−1 at room temperature [44]. Interestingly, the

conductivity is only observable when the surface is exposed to air, in vacuum it

vanishes [43]. The mechanism is still under discussion but the proposed "transfer

doping model" states that the molecules in the adsorbent layer, which forms on

the diamond surface when exposed to air, provides empty electronic states that are

occupied with electrons from the valance band of the diamond via quantum tun-

nelling. The tunnelling is possible since the valance band maximum (VBM) is above

the chemical potential µe of the adsorbent layer due to the NEA. The depletion of

electrons from the valance band causes a band bending, where charge carriers accu-

mulate, creating a 2-dimensional hole gas responsible for the observed conductivity

[43, 44, 45].

The optical properties of diamond are remarkable. A pure diamond without defects

is transparent from the ultraviolet (absorption edge at λ = 227 nm corresponds

to a band gap energy 5.47 eV ) to the far infrared. The absorption between 2.5
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Figure 2.5: (a) Absorption spectra of pure diamond and (b) Raman spectra of pure
diamond (top) and nanodiamonds with 10 nm diameter (bottom). The
G-band peak at 1620 cm−1 and the shoulders on the G-band and other di-
amond peak (red arrows) originate from the grain boundary with sp2 hy-
bridized carbon that represent surface defect modes. The diamond peak
of nanodiamonds is shifted to lower wavenumbers, because of the small
dimensions, with the diamond lattice somewhat distorted. (Reprinted
with permission from [46] (a) and [47] (b))

and 6.7 µm is attributed to the coupling of the radiation with the atomic nuclei

movement and is often called 'lattice' or 'multiphonon absorption' (Fig. 2.5 (a)).

Since there is no dipole moment in pure diamond, it requires two or more phonons

for absorption. The �rst phonon creates a net charge in the carbon atoms and the

second phonon induces a vibration of the charge, which creates a dipole moment

that enables absorption [48]. The Raman spectrum of pure diamond shows a single

peak at 1332 cm−1 [49]. For diamond thin �lms � which are used in this thesis �

and diamond crystals with small sizes more peaks occur. The G-band refers to sp2

hybridized (graphitic) carbon and is located at 1582 cm−1. The high wavenumber is

explained by the stronger carbon-carbon bond between sp2 hybridized carbon. At

lower wavenumbers around 500 cm−1 peaks are possible that can be attributed to

amorphous carbon [47]. Not only the peaks themselves, but also the shifts in posi-

tion and the shape of the peaks can be used for reliable characterization of diamond,

diamond �lms and diamond crystallites (Fig. 2.5 (b)). Lattice distortion and �lm

stress, hybridization of the carbon atoms, surface terminations, morphology of thin

�lms and even isotopic composition can be investigated with Raman spectroscopy

[49].

12



2 Fundamentals 2.1 General Properties of Diamond

Natural diamonds are usually colored by impurities that introduce optically active

electronic states in the band gap. This topic is intensively researched and there

are over 500 luminescent color centers known [50]. Point defects are interruptions

of a regular pattern in the crystal lattice. In diamond a point defect can be a va-

cancy where a lattice site is not occupied by a carbon atom (vacancy defect), the

substitution of a carbon atom by a foreign atom (substitution defect) or an atom

in between the lattice sites (interstitial defect) [51]. Well known in diamond is the

nitrogen-vacancy center (NV center), where a carbon atom is substituted with a

nitrogen atom and an adjacent lattice site is vacant. NV centers are either un-

charged (denoted as NV 0 center) or negatively charged (denoted as NV − center),

where an electron from the bulk is trapped by the nitrogen atom. The latter is more

common and here it is referred to as NV center. The electronic properties of the

NV center are described as a three level system with triplet (spin quantum number

S = 1) ground and excited states and a singlet (S = 0) intermediate meta-stable

state. The zero-phonon line (ZPL) is at 637 nm. In an external magnetic �eld

the ground and exited states are further split into three sublevels (ms = −1, 0,+1)

[52]. Since the transitions between these levels are highly spin conservative, stable

at room temperature and the initiation, manipulation and read-out can be done

by electric/magnetic �elds and radiation with microwaves or light, the NV center is

one of the most promising candidates for quantum computing devices, single photon

sources or magnetic �eld sensors [53, 54].

Another property where diamond excels is thermal conductivity. An impurity free

diamond with natural isotope distribution (99% 12C, 1% 13C) has a thermal con-

ductivity of 2230 W · m−1 · K−1 at 293 K [55] (�ve times higher than silver with

427 W · m−1 · K−1 at 300 K [56], the highest value for a metal). The quality of

the diamond lattice is important, which is apparent when the thermal conductivity

of impure and 12C isotope enriched diamond are compared. A diamond with some

impurities has a decreased thermal conductivity, for example 1000 W ·m−1 ·K−1 at
293 K for a diamond with 0.1% nitrogen content [57]. 12C isotope enriched diamond

has a decreased 13C content compared to the natural distribution, which adds to the

uniformity of the crystal lattice and therefore higher values can be expected. With

0.5% and 0.07% 13C content, values of 2600 W ·m−1 ·K−1 and 3320 W ·m−1 ·K−1
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at 293 K could be reached, respectively [55]. At lower temperature even higher

values are possible with 41000 W ·m−1 ·K−1 at 104 K. The same research group

calculated that diamond with 99.999% 12C content would be able to reach values of

200000 W ·m−1 ·K−1 at 80 K [58]. This is promising for heat management systems

of electronic devices.

Figure 2.6: Top view on the (100) and (111) crystal plane of diamond. The (100)
plane has a surface atom density of 2

a02
and the (111) plane of 2√

3·a02
.

With the lattice constant a0 = 0.357 nm the surface atom density is
ca. 16 nm−2 for the (100) plane and 18 nm−2 for the (111) plane,
respectively. (Created with JSmol open source software in version 14.0)

First and foremost diamond is famed for its mechanical properties, a consequence of

the rigid diamond lattice. Diamond cannot be scratched by another natural mineral

making it the de�ning level 10 mineral on the Mohs scale for mineral hardness. To

determine the hardness, the sample has to be tested by a harder material, otherwise

the probe is also deformed and the result is tainted. For this purpose a research

group utilized so-called fullerites - solids made from fullerenes - which have shown to

be harder than diamond and were used as probe tips of an atomic force microscope

setup. In their hardness measurements of pure diamond they measured values of

137±6 GPa for the (100) and 167±5 GPa for the (111) lattice plane indicating the

anisotropic nature of this trait, which is a common feature of diamond in various

�elds [59]. The reason is that a carbon atom in the (111) plane is bonded to three

other carbon atoms, whereas in the (100) surface an atom is bonded to only two

other carbon atoms. Furthermore, the carbon atoms are more densely packed in

the (111) plane (Fig. 2.6). The hardness of diamonds is also a�ected by impurities
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ranging from 131 GPa for diamond with 0.1 ppm nitrogen content decreasing to

95 GPa with 70 ppm nitrogen [60]. The sti�ness of a material is the resistance

against deformation of di�erent kinds like shearing (shear modulus), compression

from all directions (bulk modulus) and uniaxial compression or extension (Young's

modulus). The shear modulus G of diamond is 478 GPa [61], the bulk modulus K

is 443 GPa [62] and the Young's modulus E is 1050 − 1210 GPa [63]. Compared

to steel with G = 74 GPa [64], K = 167 GPa [65] and E = 210 GPa [66], diamond

is sublime achieving the informal title of the ultimate engineering material. On the

other hand diamond has only a good toughness (i.e. it is brittle), which is the ability

of a material to absorb energy without destruction and this limits its application

from a practical point of view.

In an open �ame diamond is burned rapidly with complete oxidation to CO2. With-

out an open �ame diamond is oxidized in oxygen-containing atmosphere when heated

over 700 °C [67]. In the absence of oxygen, heating induces the transformation of sp3

to sp2 hybridized carbon. This process is known as graphitization and is thermody-

namically driven, because below a pressure of 1.6 GPa and below a temperature of

3500 °C graphite is always the favorable con�guration of carbon (Gibbs free energy

of the diamond transition to graphite is −2.9 kJ ·mol−1 at 298 K) [68]. Diamond

is therefore the unstable allotrope of carbon at standard conditions, but it is kinet-

ically stabilized by a large energy barrier. The temperature at which this barrier

is overcome and diamond transforms to graphite is around 1500 °C in inert condi-

tions [69]. In vacuum and at higher pressure, higher temperatures (up to 3000 °C )

can be reached before graphitization occurs because the thermodynamic drive is

reduced approaching higher pressure and temperature conditions, where diamond

is the more favorable carbon allotrope [70]. The chemical stability of diamond is

outstanding. Acids and bases are not able to dissolve diamond, but can alter the

surface termination. Some molten transition metals (iron, nickel, cobalt) are able

to dissolve diamonds, whereby the ability to react with carbon increases with the

amount of d orbital vacancies [71]. Recently, high etch rates for anisotropic etching

of diamond (crystal plane (111) is hardly etched) were reported for a thermochemi-

cal reaction of a thin nickel �lm deposited on diamond and annealed in water vapor

at high temperatures of up to 1000 °C [72]. Most commonly diamond is structured

by dry etching, which is also used in this thesis and explained in more detail later.
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2.2 Synthetic Diamonds

Early attempts to synthesize diamond were made in France and England in the early

19th century by renowned scientists like C. Cagniard de la Tour and J. B. Hannay,

both claiming to have synthesized diamond. Further claims were made at the times

around the world utilizing di�erent strategies (e.g. deposition from acetylene), but

these results are still disputed to this day [73]. The carbon phase diagram (Fig.

2.7) shows that diamond is only stable under high pressure and temperature with

the pressure seemingly being the key for this purpose, since diamond is denser than

graphite (ρdiamond = 3.52 g · cm−3 and ρgraphite = 2.26 g · cm−3). Therefore, the

development of devices to create these high pressures was of utmost importance

for diamond synthesis. Percy W. Bridgman made major improvements in the early

20th century in high pressure physics, improving presses to reach 0.7 GPa instead of

0.2 GPa, which was the highest value possible at that time. He improved this fur-

ther and created devices that reached 40 GPa of pressure, for which he was awarded

with the Nobel Prize in physics in 1946 [74]. Bridgman also attempted to created

diamond with his devices but failed [75].

Figure 2.7: Phase diagram of carbon. (Taken from commons.wikimedia.org, Cre-
ative Commons license: CC BY 3.0)

In the early 1940s research on the topic of diamond synthesis was intensi�ed with

a hiatus during the second world war. Afterwards two competing mechanisms were
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pursued to reach that goal: high pressure, high temperature (HPHT) synthesis and

chemical vapor deposition (CVD) of which both will be presented here with empha-

sis on the CVD technology in a separate chapter (2.3).

Bundy et al. are usually credited with being the �rst to create diamond from non-

diamond carbon by a HPHT approach in December 1954, which was published in

1955 [5]. As soon as this was made public, an article was published by the Swedish

company ASEA, announcing the successful creation of diamond in February 1953

by a similar HPHT approach [75]. The experimental results were published in

a Swedish journal in 1960 but the project was not further pursued [76]. Bundy

identi�ed the �aw in Bridgmans attempt to create diamond in the presses used

and their inability to reach high pressures in high temperature regimes. At room

temperature Bridgman's devices could reach 40 GPa, but at temperatures of 1000 K

a pressure of 5 GPa and at 3000 K only 3 GPa were possible due to material fatigue

at elevated temperatures. Bundy's devices worked at temperatures up to 3000 K

and pressures of 10 GPa in continuous operation [5]. The press was made from

tungsten carbide (WC) and consisted of two parts: the newly designed belt with

tapered inner walls, where the sample is placed in the middle and tapered pistons

pushing from the top and the bottom simultaneously applying the pressure (Fig.

2.8 a). Various approaches were tested of what kind of carbon is necessary to get

diamond, which was published by Bundy's co-worker H. P. Bovenkerk in 1959 [77].

The basic approach was the direct transition of graphite to diamond by reversing the

graphitization process at high pressures and temperatures. Although pressures of up

to 12 GPa and temperatures of 2500 K were applied � operating well in the stable

region of diamond � no diamond or diamond growth on seed crystals was observed.

It was suggested that the energy necessary for the recrystallization process (from

graphite hexagonal to diamond cubic) was too high for solid reagents, where the

carbon atoms are incorporated in the lattice. Bundy achieved diamond directly

from graphite in 1963 at a pressure of 12.5 GPa and a temperature of 3000 K at

which graphite collapses spontaneously to polycrystalline diamond [78]. In 1967

Bundy was able to synthesize hexagonal diamond [79]. This carbon allotrope is

called lonsdaleit and occurs naturally at sites of meteor impacts, where for a short

duration graphite is subjected to extreme pressure and temperature, that induce sp3

hybridization but no lattice reorganization from hexagonal to cubic [80].
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Figure 2.8: Schematic of the press used by Bundy et al. during their experiments.
(a) Schematic of the press with belt, pistons and sample position and (b)
schematic of sample storage, which is heated with carbon heater tubes.
(Reprinted with permission from [77])

The breakthrough was the addition of molten transition metals. Since the transition

of graphite to diamond was not achieved until 1954 and the immobility of carbon

atoms was suspected to be the reason, it was consequent to use a suitable carbon

solvent. The molten metal is dissolving graphite and transporting the now isolated

carbon atoms to spontaneously forming diamond seeds, where they get incorpo-

rated into the diamond lattice, acting as a solvent-catalyst. The �rst successful and

repeatable recipe was graphite dissolved in iron-rich iron(II) sul�de (FeS/Fe) with

tantalum as a catalyst metal (Fig. 2.8 b). In more detail, granulated FeS and in

excess Fe were encapsulated into the sample storage. A compressed plate of graphite

was placed on top and on the bottom of the capsule and these were sealed with tan-

talum end discs. The sample storage was heated to 1870 K, the FeS/Fe melted with

graphite dissolving into the molten FeS/Fe and subsequently a pressure of 9.5 GPa

was applied for 10 minutes. Tantalum carbide (TaC) was formed on the tantalum

end discs and on this intermediate layer new diamond grew [77]. The synthesized

diamonds were characterized by a scratch tests of (111) diamond face, measuring of

the refractive index and XRD measurements, which con�rmed the creation of dia-

mond from non-diamond carbon. Soon, other catalytic metals were identi�ed like

nickel, cobalt, palladium, platinum, chromium, rhodium, ruthenium or manganese,

but tantalum seemed to be especially e�ective, although at some conditions it was

less active than other metals. This shows how complex diamond synthesis is, small

changes in pressure or temperature conditions could result in no diamond growth.
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Nowadays HPHT synthesis is performed on industrial scale with hundreds of presses

operated at the same time. One of the most common types of presses used on indus-

trial scale due to its economical features is the split sphere press, where the pressure

is produced by oil that is pumped between the rubber coated spherical anvil unit

with the sample core in the middle and the split sphere (hence the name) pressure

chamber. Since the pressure is controlled only by the oil pump, a rigorous control

of pressure and temperature can be ensured for the whole duration of the process,

which can be easily up to 100 hours. Growth rates of 20 mg · h−1 can be reached

with diamonds in gem quality [81]. With di�erent recipes, di�erent qualities and

also the elemental composition of the diamond can be controlled to some degree

(impurities/dopants, isotopes). Related to the HPHT synthesis is the detonation or

shock wave synthesis were graphite is subjected to pressures between 30 GPa and

well beyond 100 GPa. The carbon source, usually graphite, is encapsulated with ex-

plosives and during detonation these extreme pressures are reached for a very short

period of time. The results are nanodiamonds, which have to be thoroughly cleaned

and afterwards are commonly used as abrasives or as seeds for HPHT synthesis or

CVD deposition of diamond thin �lms.

Already in November 1952 the growth of diamond seed crystals was achieved with

low pressure chemical vapor deposition (CVD) by W. G. Eversole from the Union

Carbide company. None of Eversole's work was ever published in scienti�c journals,

but in his patents and memoranda from his employing company some experiments

were described [73]. It should also be mentioned that the development of this low

pressure approach was done independently on both sides of the iron curtain. Many

of the experimental results made in the USSR by acknowledged scientists like B.

V. Deryagin, D. V. Fedoseev and others were made public in western scienti�c

journals with several years of delay and were hardly noticed [82]. Despite CVD being

the �rst method to grow diamond successfully, HPHT quickly became standard

on the industrial scale, because the early CVD technology was not competitive

due to quality issues and low growth rates. Nevertheless, ongoing research and

improvements on diamond CVD made it the favorite choice of scientists, since it is

much cheaper, more versatile and the control of the diamond composition is sublime.

Eversole achieved growth on diamond seeds with a variety of experiments. He mea-

sured the equilibrium ratio of CO/CO2 over diamond (2CO Cdiamond + CO2)
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and graphite (2CO Cgraphite + CO2) of which the former was greater and in

agreement with computed values. This indicates that the gas phase established a

metastable equilibrium with diamond. Eversole maintained the equilibrium condi-

tions in a temperature range of 820 °C and 1007 °C at pressures between 5 MPa

and 30 MPa, thus depositing diamond. Later on, Eversole used methane (CH4) and

other carbonaceous gases as carbon sources. The diamond deposition was proven

with an experiment where two diamond seeds were placed in a quartz tube with

a CO/CO2 atmosphere highly enriched with 13C at pressures between 10 MPa

and 30 MPa. The tube was heated with a temperature gradient in the range of

850 − 1050 °C. Carbon atoms were transported from the hot end to the cold end,

shifting the equilibrium. In order to restore it, carbon atoms from the gas phase

were incorporated into the diamond lattice at the cold end seed. The diamond seed

at the cold end was found to be enriched with 2.45% 13C compared to the nat-

ural abundance of 1.08% 13C, con�rming the transport of carbon atoms through

the gas phase and subsequent deposition on the diamond seeds [6]. An additional

experiment was done when the results of Eversole were recreated for con�rmation

several years later. Here, diborane (B2H6) was added to a CH4 atmosphere at 25 Pa

and 1050 °C, which resulted in the deposition of blue colored, p-type conducting

diamond. When annealed under the same conditions in absence of methane, no

conducting diamond was obtained, con�rming that boron was incorporated during

the diamond growth [83].

The role of hydrogen in diamond CVD cannot be stressed enough. It was known from

early observations of Angus et al. that molecular hydrogen reduces the nucleation

and growth of graphite more than that of diamond [84]. But graphite growth is not

restrained completely and eventually graphite was deposited on the diamond seeds,

which prevents further growth. Usually, this graphite was removed after growth

with atomic hydrogen generated by a hot tungsten �lament [85, 86]. This procedure

was reported by Angus in 1971 at an international conference on synthetic diamonds

in Kiev, Ukraine. In the audience there were several members of B. V. Deryagin's

group working on related topics [6]. Subsequently, they used atomic hydrogen during

the growth, which was quite e�ective with increasing growth rates and the ability to

deposit diamond on non-diamond substrates [87, 88]. In the early 1980s a number

of publications of Japanese researchers from the National Institute for Research of
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Inorganic Materials (NIRIM), led by N. Setaka, sparked the emergence of various

research programs on diamond CVD technology in the US and Europe. They used

a hot Filament CVD (HFCVD) device for activation of a CH4/H2 gas mixture to

grow diamond layers on non-diamond substrates like silicon, molybdenum or silica

with stunning growth rates of several micrometers per hour (Fog. 2.9 a). The gas

mixture of 1% CH4 in 99% H2 was activated due to thermal decomposition by the

tungsten �lament with temperatures of 2000 °C [89, 90, 91]. In 1983 the same group

used microwave plasma with a power in the range of 300− 700 W for the activation

of the gas mixture for the �rst time [92] (Fig. 2.9 (b)). With these developments

from Japan, diamond CVD became suddenly a serious competitor of HPHT synthe-

sis. Microwave plasma-assisted CVD (MWCVD) is also used in this thesis for the

deposition of diamond �lms and is explained in more detail in section 2.3.

Figure 2.9: Schematic of the HFCVD (a) and MWCVD (b) devices used by NIRIM
researchers. (Reprinted with permission from [89] (a) and [92] (b))

The mechanism of diamond growth as it was performed by the researchers of NIRIM

(and as it is performed to this day) with a gas mixture containing carbonaceous gas

and hydrogen, which is activated to provide the diamond growth species as well as

atomic hydrogen to suppress graphite deposition, was researched in the following

years with great interest and substantial funding. The activation process by heat

(HFCVD) or electric discharge (MWCVD) delivers numerous reactive species by

fragmentation of the gaseous precursor molecules like neutral radicals and atoms, as

well as ions and electrons. These species interact with each other and non-activated
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gas molecules in a large variety of complex chemical reactions and eventually reach

the substrate surface [93]. Here the species can adsorb to the surface and react with

it (e�ective diamond growth), desorb back to the gas phase or di�use on the surface

until a suitable reaction site is reached. To support the latter process, the substrate

is usually heated.

Figure 2.10: Surface energy reducing mechanisms for a (100) surface with 'dangling
bonds' (arrows, (a)). Note: top is the view from above and bottom is
the view from the side. Surface reconstruction with formation of double
bonds (formation of graphitic sp2 carbon, (b)) and stabilization with
hydrogen (c). Stabilization can also be achieved with oxygen that is able
to saturate two 'dangling bonds' either via ether formation (one oxygen
binds to two carbon atoms, (d)) or ketone formation (one oxygen forms
double bond with one carbon atom, (e)). (Reprinted with permission
from [36])

Atomic hydrogen (H•) is formed either by thermal decomposition or by electron

impact dissociation of molecular hydrogen and is responsible for many crucial reac-

tions, which are necessary or bene�cial for diamond growth. The carbon atoms on

the diamond surface are in an elevated energetic state, since not all four bonds of

sp3 hybridized carbon are saturated. Depending on the surface crystal plane, the

number of the unsaturated binding sites which are called 'dangling bonds' varies.

The (111) surface plane has either one or three (the latter is energetically very unfa-

vorable and therefore unlikely) and the (100) surface plane always has two 'dangling

bonds' [36]. Hydrogen binds and saturates these 'dangling bonds', stabilizing in such

a way the surface of the diamond (Fig. 2.10). If this does not happen, the diamond

surface would undergo a reconstruction process to reduce the surface energy with

the formation of double bonds between the surface carbon atoms (Pandey recon-

struction) [94, 95]. It is required that sp3 hybridized carbon becomes sp2 hybridized,

so in e�ect graphitization would happen and hinder further diamond growth. On
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the complete contrary, atomic hydrogen (1) provides the surface with reactive sites

where the diamond growth species can bond to by removing hydrogen from the

surface and (2) reacts with carbonaceous gas molecules forming the growth species

in the process [96]. Furthermore, atomic hydrogen etches sp2 hybridized carbon

much faster than sp3 hybridized carbon [97]. Any graphitic cluster that may form is

therefore quickly removed to the gas phase. Additionally atomic hydrogen prevents

the formation of large hydrocarbon chain polymers or organic ring structures that

may end up depositing on the surface as well, hampering diamond growth.

Figure 2.11: Schematic of the diamond growth mechanism with step-by-step addi-
tion of methyl radicals to the diamond surface. (Reprinted with per-
mission from [96])

The identity of the species responsible for diamond growth was long disputed, but

since diamond can be grown regardless of the activation method with similar growth

rates, it was suggested that the species was neutral (electric discharge produces sig-

ni�cantly more ions than thermal activation). It is now scienti�c consensus that the
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methyl radical (CH3
•) is the general growth species in question [96, 98] (Fig. 2.11).

The mechanism starts with an abstraction of a surface hydrogen by an atomic hydro-

gen thus forming a hydrogen molecule and creating a reactive radical site, which is

eventually occupied by a methyl radical, forming a new carbon-carbon bond (speak-

ing in terms of probabilities, it is more likely that the reactive radical site is occupied

with a hydrogen atom again). This has to happen at an adjacent site as well giv-

ing two newly added methyl groups close to each other. Another abstraction by

atomic hydrogen on one of these methyl groups creates a radical which reacts with

the adjacent methyl group forming yet another carbon-carbon bond, which e�ec-

tively extends the diamond lattice. The growth of diamond via CVD is therefore

the step-wise creation of radical binding sites and subsequent addition of hydrocar-

bon radicals. It should be mentioned that this is the general mechanism and that

the involvement of other radical species like C, C2, CHx (x = 1, 2) or even more

complex CyHz (y > 1) is still under consideration. Especially in proposed models

for the growth of micro-, nano-, and ultrananocrystalline diamond �lms, which grow

in a wide range of gas compositions, pressures and temperatures, it was suggested

that other species could be involved to an uncertain degree as well [99, 100]. More

details about the di�erent growth condition are discussed in section 2.3.3.

2.3 Chemical Vapor Deposition of Diamond

In this subsection chemical vapor deposition (CVD) of diamond is discussed in

detail. All CVD systems nowadays have the same principle of growing diamond from

carbonaceous gases and hydrogen while the activation method di�ers. Activation

provides atomic hydrogen and the reactive carbon-containing growth species, which

are deposited on a substrate heated to moderate temperatures between 500−1200 °C.

Here, the di�erent types of CVD are brie�y presented. A focus is set on microwave

plasma-assisted CVD, since this method is utilized for the deposition of UNCD �lms

in the current thesis. The in�uence of parameters like gas composition, microwave

power, working pressure, substrate, temperature and pretreatment are highlighted

with respect to the di�erent types of thin �lms that can be obtained by CVD.

24



2 Fundamentals 2.3 Chemical Vapor Deposition of Diamond

2.3.1 Types of Chemical Vapor Deposition

The �rst type of modern CVD was the hot �lament CVD (HFCVD), where atomic

hydrogen and the growth species are generated by thermal decomposition on hot

�laments with temperatures of around 2000 °C. The �laments are usually made

from tungsten, but other refractory materials like tantalum and rhenium have been

applied to grow diamond with comparable quality and quantity as well [101, 102].

Materials with lower melting points like platinum produce only graphite at temper-

atures of 1300 °C [101]. Tungsten is not inert and reacts with the carbonaceous

gas to tungsten semicarbide (α-W2C) in a process called carburization, which can

be monitored by the �lament's resistance that increases during carburization and

stabilizes after the whole �lament is carburized. On the downside it is frequent that

material from the �lament is incorporated into the growing diamond, at high concen-

tration with isolated aggregates, that could in�uence the electrical and mechanical

properties of the deposited diamond �lm [103, 104]. Related to HFCVD is the

electron-assisted thermal CVD (EACVD), where the substrate has a positive bias

voltage to the �laments resulting in an electron bombardment of the substrate sur-

face with emitted electrons. An increased nucleation rate and consequently growth

rate (up to 5 µm · h−1) were reported with a bias voltage of +150 V [105]. The

emitted and accelerated electrons from the �lament assist here with the creation of

atomic hydrogen and the growth species by electron impact dissociation [106]. This

is also a�ected by the carburization process of the �lament. Before carburization

an emission current of 120 mA was reached with a bias voltage of +300 V and after

carburization the same emission current is already reached with a bias voltage of

+25 V [103]. In 1986 Kitahama et al. reported successful diamond growth on a

silicon substrate from a C2H2/H2 (0.5 − 2 % C2H2) atmosphere via laser-assisted

thermal CVD (LACVD) [107]. The silicon (111) substrate was irradiated with a fo-

cused ArF laser (λ = 193 nm) under a small angle between 1◦−5◦ at comparatively

low temperatures of around 400 °C. Isolated diamond crystals with diameters be-

tween 0.5 and 1 µm were created. Higher irradiation angles resulted in no diamond

growth. Nevertheless, LACVD was mainly of scienti�c interest since the growth

mechanism seems to be di�erent from the scienti�c consensus (see section 2.2), fur-

thermore the method is not reliable. Other CVD types simply provide higher growth

rates with better �lm quality and are therefore much more common.
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An alternative CVD method with a di�erent activation approach and high growth

rates was introduced with plasma-assisted CVD (PACVD) where the activation is

realized in a plasma. Plasma is the fourth state of matter - besides solid, liquid

and gaseous - and in fact 99.86 % of the matter in the solar system (and 99 % of

the observable universe) is in the plasma state (mainly the sun which is in simple

terms a �ery sphere of hot plasma) [108]. If energy is applied to a gas, electrons gain

enough energy to overcome the binding energy of the atomic nucleus and leave the

atom, so the gas becomes ionized with electrons and ions separated, which induces

electrical conductance as one fundamental property of a plasma. Other charac-

teristic properties are the macroscopic quasi neutrality with microscopic dynamic

�uctuations and the distinct glow that is caused by the recombination of electrons

with ions [109]. In a fully ionized plasma (ionization rate 100 %), all electrons are

removed from the atomic nucleus like it is the case in stellar plasmas. Arti�cial

plasmas created for the purpose of activation during diamond CVD have typically

an ionization rate of ≤ 1 %. The plasma of a PACVD system is therefore mainly

made from neutral gas molecules, neutral radicals and smaller amounts of charged

particles: ions and electrons. For diamond growth, neutral radicals like the methyl

radical (CH3
•) and atomic hydrogen (H•) are the most important species, which

made up around 1 % of a typical arti�cial plasma [104]. The radicals are created by

collisions with highly energetic electrons that cause breaking of the covalent bonds

in the neutral gas molecules. The binding energy of a hydrogen molecule (H2) is

4.5 eV , but for electron impact dissociation at least an electron energy of 9.5 eV is

required since the electron mass is several orders of magnitude smaller than that of

the hydrogen molecule. In fact, the generation of atomic hydrogen peaks at electron

energies of 25 eV [110]. The excess energy is converted to kinetic energy of the

atomic hydrogen which is in contrast to thermal activation in a HFCVD reactor

where the atomic hydrogen has low kinetic energy in comparison. The ionization

rate as well as the occurrence of radicals is dependent on di�erent mutual in�uencing

factors like plasma excitation method, excitation power, pressure and composition

of the gas. A large molecule is more likely to collide with an electron than a small

one, so a higher number of ions and radicals can be expected for gas molecules with

larger cross section. The pressure is a major parameter and one way to character-

ize a plasma. In a low-pressure (below 1 atm) plasma, electrons gain more kinetic

energy because their mean free path is inversely proportional to the pressure and
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therefore longer. On the other hand, the collision with gas molecules is less likely at

low-pressure because the molecules have a larger mean distance to each other. At

higher pressures the contrary is the case. The gas molecules are closer to each other,

the mean free path of the electrons is shorter and the electrons gain less kinetic

energy. Collisions happen in this case more frequent, but the electrons can also be

not energetic enough to break the covalent bond and no radical is created in the

process. In summary, a �ne con�guration of the parameters has to be found and

maintained during the deposition of a high-quality �lm and providing at the same

time suitable growth rates.

Figure 2.12: Temperature of gas molecules (this includes radicals and ions) Tg and
electrons Te in a plasma as a function of the pressure. In low-pressure
regimes both entities have di�erent temperatures with electron temper-
ature being one order of magnitude higher than the temperature of the
other species. Note that the temperature scale is converted to energy
E in units of eV with the relation: E = kBT , with kB as Boltzmann
constant and T as temperature. (Reprinted with permission from [111])

A low-pressure plasma has an additional signi�cant feature, which is the compara-

tively low temperature of the plasma. In a low-pressure plasma the collisions between

electrons and other species (gas molecules, radicals, ions) are less frequent and both

entities have di�erent mean velocities. The electrons are much faster than all other

species in the plasma due to the mass di�erence. The temperature of the gas and
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the electrons is therefore di�erent with electrons at around 10000 K and the other

species at around 1000 K at a pressure of 1 Pa (Fig. 2.12) [111]. The macroscopic

temperature of the plasma is hardly in�uenced by the electrons due to their smaller

mass and lower numbers (ionization rates of less than 1 %). Such a plasma is called

non-thermal plasma and is commonly used in CVD and etching equipment due to

the reduced thermal strain on the substrate.

Figure 2.13: Schematic of CCP (a) and ICP (b) devices. (Reprinted with permission
from [112])

The creation of a plasma can be done in various ways. One is to force an electri-

cal current through a gas by applying a strong static or dynamic electric or mag-

netic �eld that causes ionization [113] (Fig. 2.13). The major approach here is

capacitively-coupled plasma (CCP) with two opposing electrodes that are either op-

erated with a static electric �eld (DC) between them or an alternating one, typically

at a radio-frequency (rf) of 13.56 MHz. Another way is inductively-coupled plasma

(ICP) where the plasma is ignited by magnetic �elds generated according to Am-

père's circuital law with a copper coil wrapped around the reaction chamber and

an alternating (rf) current applied. ICP creates more ions and consequently more

radicals than CCP when the same power is applied, which is the reason that ICP is

mainly used in dry etching apparatuses [112]. ICP has the advantage that no elec-

trode is present in the reaction chamber, which could be a source for impurities in

grown layers. Nevertheless, nowadays CCP and ICP are comparably not so common

as plasma sources for diamond CVD since more economic and e�ective alternatives

are available. Such an alternative is for example the excitation of a plasma with
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electromagnetic radiation (so no electrode in the reaction chamber is here necessary

as well), which is one of the most common methods in CVD.

The �rst plasma used to enhance diamond CVD was patented in 1974 by russian

researchers [104]. From earlier �ndings it was known that hydrogen can be used to

transport solid elements through the gas phase as volatile hydrides, called chemical

transport reaction (CTR) [114]. This principle was applied to graphite which was

subjected to a hydrogen plasma in a quartz tube, where (111) diamond substrates

were placed. Carbon was transferred into the gas phase as C2H2 at 2500 K and de-

composed on the relatively cold diamond substrates at 1200 K, e�ectively growing

diamond in the process [115]. In 1983 microwave radiation was used by Kamo et al.

with great success to ignite the plasma, making PACVD alongside HFCVD to the

gold standard of diamond CVD (section 2.3.2 for more details) [92]. ICP was used in

1985 to deposit diamond on silicon, molybdenum and silicon dioxide. The substrates

were placed in a quartz tube with coils wrapped around. The gas mixture was 1 %

hydrogen in excess of methane. No additional substrate heating was necessary since

the inductive and plasma heating provided substrate temperature of 900 °C during

deposition. High plasma excitation powers between 500 − 1000 W were necessary

to raise average electron energies to levels that enable creation of atomic hydrogen.

As collateral e�ect the plasma density increased and consequently the sputtering

e�ect on the quartz tube, with silicon carbide deposition being observed. In lower

power regimes isolated microcrystals were obtained and with higher power closed

�lms with good adhesion to the substrates [116]. The same group improved this ini-

tial design two years later, with the reaction chamber made of water-cooled stainless

steel and the substrate on a movable water-cooled holder, so the substrate can be

positioned with a certain distance to the plasma decreasing the risk of co-deposition

of sputtered reaction chamber material. The substrate was molybdenum that could

withstand the high temperatures from the thermal plasma created at an excitation

power of 60 kW at pressure of 1 atm, which makes this the �rst ever deposition of

diamond at ambient atmospheric pressure. With this setup and parameters depo-

sition rates as high as 3 − 5 µm ·min−1 for isolated crystals and 1 µm ·min−1 for
polycrystalline diamond �lms were reached [117]. In 1987 CCP was investigated for

diamond deposition on silicon and α-Al2O3 at a pressure of 26 kPa. The substrates

were mounted on the anode resulting in an electron bombardment from the water-
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cooled cathode with a static electric voltage applied. This bene�ts the deposition

rate as reported earlier by the same group (EACVD) [105]. The substrate is heated

by the electron bombardment to temperatures of 800 °C. Cooling of the substrate

holder decreases the substrate temperature and it was found that a temperature of

600 °C is the limit for diamond growth. Lower temperatures result in deposition

of graphitic layers only. Here deposition rates of 20 µm · h−1 were reached [118].

Diamond from CCP devices was found to be under high stress with high hydrogen

content and with the possibility of impurity implementation from the electrodes

[104]. Related to the typical CCP device with two parallel electrodes is the arc

discharge plasma, where the reaction gas mixture is introduced through a nozzle

into the reaction chamber. The nozzle is equipped with an inner pin electrode and

an outer ring electrode, igniting the plasma when a voltage is applied. Another

design consists of two nozzles with a voltage between them, one being the cathode

and the other the anode, igniting the plasma jet that is directed onto the substrate

causing deposition of diamond. With such a device, remarkable diamond �lm depo-

sition rates of 200− 250 µm · h−1 were reached in 1988 at atmospheric pressure. A

plasma excitation power of 560 W and a hydrogen-argon-ethanol gas mixture was

introduced with a �ow rate of 500− 2000 cm3 ·min−1 [119]. Two years later an arc

discharge plasma jet CVD delivered diamond growth rates of up to 930 µm · h−1 on
a molybdenum substrate with methane introduced into the argon-hydrogen plasma

jet, reaching diamond mass deposition rates similar to HPHT synthesis. Further-

more, diamond was here deposited on an iron substrate, which is considered as quite

di�cult due to the di�usion of carbon into iron [120].

An especially intriguing activation method for diamond CVD was developed by Hi-

rose et al. in 1988 [121, 122]. The combustion-�ame assisted CVD (CACVD) is

appealing due to its simplicity and low acquisition costs. An oxygen-acetylene gas

mixture is activated in a welding torch �ame directed on a substrate that is cooled by

water at ambient atmospheric pressure. The fundamental diamond growth species -

radical hydrocarbons and atomic hydrogen - are created in the combustion process,

yielding growth rates of up to 100 µm·h−1. Diamond growth of microcrystallites and

polycrystalline �lms were con�rmed on silicon wafers, tantalum, molybdenum, boron

nitride (BN) and titanium carbide (TiC) [123]. As crucial parameters the substrate

temperature (between 700−1200 °C ), the gas �ow ratio (O2/C2H2 = 0.8−1.1) and
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the position of the substrate in the �ame (inside the so-called acetylene feather) were

identi�ed [124]. An issue of concern in the early device designs was the limited de-

position area and subsequent low uniformity of deposited �lms, which was addressed

with the implementation of �at-�ame burners that distribute the �ame evenly over

a larger area enabling deposition of uniform �lms on areas as large as 20 cm2 [125].

In the long run however, CACVD could not prevail to the competition because in

spite of low acquisition costs of the device, the most crucial matter of expense is the

carbon containing gas. In comparison methane is cheaper than acetylene and less

of it is required to gain the same amount of diamond [126].

In summary, CVD is an established and well researched diamond synthesis method.

The deep understanding gained in decades of meticulous research enabled this

method to become the most versatile of all methods to create diamond. Diamond

crystals and uniform diamond �lms can be deposited in various compositions (iso-

topes, dopants) and crystallinities (ultrananocrystalline to single crystalline dia-

mond) by �ne-tuning of the process parameters. The largest synthetic diamond

single crystal to date, with 155 carat (31 g), was deposited in 2017 by Schreck et al.

with microwave-assisted CVD on an iridium substrate [127]. A way to characterize

and compare the di�erent CVD methods with each other is possible by the relation

of the linear growth rate of diamond with the gas phase temperature (Fig. 2.14).

The higher the gas phase temperature, the higher the linear growth rate. Therefore,

atmospheric plasma CVD sublimes with growth rates of nearly 1000 µm · h−1. On
the other side, simple thermal combustion with growth rates of only 0.01 µm · h−1

- like it was used by Eversole in 1952 for the �rst diamond CVD - emphasizes the

achievements of research and development that increased the growth rate by several

orders of magnitude within three decades [128]. In spite of the possible high growth

rates, the mainstream and most prevalent types of diamond CVD in academia and

industry are HFCVD and MWCVD, which satisfy the demands with su�cient high

growth rates between 1 µm ·h−1 and 10 µm ·h−1, combined with high quality of the

diamond layers and controllability of the elemental composition.
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Figure 2.14: Linear growth rates as a function of the gas phase temperature for
di�erent CVD methods. Activation resulting in higher temperatures
of the gas phase typically yields higher growth rates. (Reprinted with
permission from [128])

2.3.2 Microwave Plasma Assisted CVD

The creation of a plasma can be roughly divided into two successive phases. Firstly,

the electric breakdown, which is the establishment of electric conductivity in a

medium, an insulator in standard conditions with generation of charged particles

(free electrons and ions). Secondly, the retention of the conductivity in this medium.

Electrical breakdown occurs when the rate of ionization surpasses the loss rate of

charged particles, e�ectively igniting the plasma. Consequently, the retention of the

plasma is secured when the steady-state is reached, that is the equilibrium between

the rates of ion-electron pair creation and loss [129]. Microwave plasma is usually

ignited with a frequency of 2.45 GHz (λ = 12.2 cm), which is one of the frequencies

reserved for industrial, scienti�c or medical (ISM) purposes by the International

Telecommunication Union (ITU). This frequency is signi�cantly higher than other

excitation methods like radio-frequency (rf) alternating electric �elds at 13.56 MHz

(λ = 22.1 m), which are commonly used for plasma etching devices. The oscilla-

tion frequency of the electric �eld has an impact on the electron energy that can

be achieved at certain conditions. The electron energy is a key factor for the gen-

eration of secondary electron-ion pairs, hence the plasma density is increased with
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higher electron energies. If the electron collision frequency equals the oscillation of

the electric �eld, the electron energy is maximized, which is the case for a pressure

of 1 kPa at a frequency of 2.45 GHz. The plasma density itself is limited by the

plasma oscillation due to the occurring re�ection of the electromagnetic wave. The

critical criteria here is the ratio of the oscillation of the electromagnetic wave ω and

the oscillation of the plasma ωp. If the oscillation frequency of the electromagnetic

wave is larger than the frequency of the plasma oscillation, so ω/ωp > 1, the wave

can propagate through the plasma. But if ω/ωp ≤ 1 applies, the plasma acts like a

metal and the wave is re�ected by the plasma [129] (Fig. 2.15). In summary, the

usage of higher plasma excitation frequencies enables inherently higher obtainable

plasma densities and in consequence more reactive radicals and atomic hydrogen

needed for diamond growth are created, which makes microwave plasma devices es-

pecially interesting for this purpose.

Figure 2.15: Plasma density dependency on the plasma frequency ωp. At con-
stant parameters the maximum plasma density of a plasma driven by
2.45 GHz is 7.4 ·1016 m−3 and driven by 13.56 MHz it is 2.7 ·1012 m−3.
(Reprinted with permission from [130])

In a basic MWCVD setup the substrate is placed within a vacuum chamber with

water-cooled walls on a heatable substrate holder. Microwave radiation is generated

(usually with vacuum tube techniques) and guided via waveguides into the reaction

chamber (cavity) which is separated from the waveguides by a quartz glass window
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with low absorption in the microwave region [131]. The device is therefore electrode-

less, which eliminates a common source of impurities within the reaction chamber.

Nevertheless, the quartz window itself can be a source of impurities (silicon), when

the plasma is unstable or the parameters are chosen without care. Pressure in the

reaction chamber is a key parameter in controlling the created plasma sphere, the

activation zone size and the densities of growth species formed in the plasma. The

plasma should be therefore created as close to the substrate as possible. With higher

pressure, the plasma is more con�ned and consequently has a higher temperature,

which could perhaps damage the substrate. Another in�uencing factor on the size

of the plasma sphere is the microwave power with more power resulting in a larger

plasma sphere [131].

Computational models for a hydrogen microwave plasma showed that increased mi-

crowave power of 1000 W could create a second plasma sphere close to the quartz

window with risk of damaging it [132]. The same group improved their model with

the implementation of hydrodynamic and buoyancy e�ects on the plasma. At very

high power densities (as it is the case in microwave reactors) the transport of the

reactive growth species is not dependent on di�usion alone, but also on the gas inlet

and outlet setup. The resulting gas�ux and acting buoyant forces have to be con-

sidered, especially when deposition is taking place at high pressures [133, 134]. The

distribution of the reactive species can vary to great extent inside the activation

zone depending on deposition parameters with both, 2D computational modeling

and experimental measurements by optical emission spectroscopy (OES) and cavity

ring-down spectroscopy (CRDS) showing that atomic hydrogen, methyl radicals and

other species are not formed in the same region of the activation zone [99, 135, 136].

While atomic hydrogen is created in the high temperature core of the plasma, indi-

cating the generation by predominantly thermal dissociation of molecular hydrogen,

methyl radicals are formed mostly in the outer regions presumably by impact dis-

sociation (Fig. 2.16).

The initial design of microwave reactors as mentioned above is still commonly used to

this day. But improvements were investigated to tackle some issues that occur during

deposition. With the high gas�ux needed for diamond deposition, a high pressure

is the consequence with a very con�ned plasma sphere and locally strong variations
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Figure 2.16: 2D (R,z) computational model results for the temperature (a) and rel-
ative concentrations of methyl radicals (b) and atomic hydrogen (c) in
a microwave deposition reactor. (Reprinted and modi�ed with permis-
sion from [99])

of the growth species. Large area deposition of uniformly thick diamond layers was

not possible this way. By employing magnetic �elds created by electromagnetic coils

wrapped around the reaction chamber which satisfy electron cyclotron resonance

(ECR) conditions, the plasma could be distributed more evenly over the substrate

enabling the deposition of diamond �lms over a larger area [137]. Another way of

controlling the position of the plasma and countering its shift by hydrodynamic or

buoyancy e�ects is the design of the cavity with �xation of the maximum of the

electric �eld intensity [138]. For example, by using an ellipsoid cavity resonator

with the microwave source in one focal point and the substrate in the opposing one

[139]. The possibilities are manifold and commercial setups with specialized cavity

resonator designs for very large area depositions or other tasks are available.

2.3.3 CVD Diamond Thin Films - Crystallinity and Morphology

CVD can generate diamond thin �lms of all crystallinities � which is the degree

of structural order in a solid � are obtainable. Single crystalline diamond (SCD)

�lms are made of a single continuous diamond crystal lattice without any secondary

boundaries, therefore the crystallinity of SCD is high. Any diamond thin �lms ex-

cept SCD are characterized as polycrystalline diamond (PCD) since they consist of

numerous diamond crystallites composing the whole �lm. PCDs are further divided

by the size of the individual crystallites. If the diamond crystals have sizes down

to 1 µm, they are referred to as microcrystalline diamond (MCD), crystal sizes be-
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tween 1 µm and 10 nm as nanocrystalline diamond (NCD) and below 10 nm as

ultrananocrystalline diamond (UNCD). It is apparent that the crystallinity is de-

creasing with smaller sizes of the individual crystals and consequently the amount

of grain boundaries is increasing. The grain boundaries are typically sp2 hybridized,

hence diamond �lms with a lower crystallinity have a higher amount of sp2 hy-

bridized carbon as well. A SCD �lm is in an idealized view solely made from sp3

carbon whereas an UNCD �lm is more a composite material made from crystallites

of sp3 carbon, which are embedded in an amorphous matrix with predominantly sp2

carbon (Fig. 2.17) [140].

Figure 2.17: SCD, NCD and UNCD grown on silicon in schematic cross-section view
and SEM micrographs from the surface showing the di�erent morpholo-
gies. (Images reprinted with permission from [140])

SCD �lms are mostly deposited by homoepitaxial growth on diamond substrates.

Heteroepitaxial growth on non-diamond substrates is possible, but the lattice mis-

match between diamond and the substrate has to be taken into account. A common

substrate for diamond �lms is silicon in form of wafers because they are compar-

atively cheap and in general the basis of microelectronics. The lattice mismatch

between diamond and silicon is rather high (35 %) with a lattice constant of 357 pm

for diamond and 543 pm for silicon. A possible solution is the deposition of in-

termediate layers that reduce the mismatch step-wise. For example, it was shown
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that the ceramic yttria-stabilized zirconia (YSZ) and iridium as intermediate layers

(thickness of 20 nm and 150 nm, respectively) can result in SCD �lms of up to

45 µm thickness with good quality on (001) silicon [141]. Between silicon and YSZ

the mismatch is 5.3 %, between YSZ and iridium 25 % and �nally between iridium

and diamond the mismatch is only 7.1 %, a 5-fold reduction to the silicon-diamond

mismatch.

PCD �lms, however, are less problematic, since the lattice mismatch is not so im-

portant due to the discontinuous nature of the diamond �lm. Pure silicon wafers

are here the most common substrate. By no means silicon is the only substrate

possible, but a potential substrate has still to ful�ll certain properties: i) it needs a

melting point high enough to withstand the deposition temperatures, ii) its thermal

expansion coe�cient should be close to that of diamond to prevent delamination

after cooling and iii) the substrate should be able to form an intermediate carbide

layer, which is a key factor for a good adhesion of the deposited diamond �lm [142].

All these requirements are met by silicon. On a polished perfectly �at silicon wafer

diamond growth would be hardly observed in a reasonable time, since carbon atoms

that adhere to the surface would be more likely etched away by atomic hydrogen

than act as nucleation sites for further growth [96]. To tackle this problem, it is nec-

essary to induce more nucleation sites on the surface, which can be done by either

creating scratches (unsaturated bonding sites are created when atoms are removed

forcefully from the surface) or embedding nano-sized diamonds as nucleation seeds

into the surface [143]. A combination of both is used frequently and also here in

this work where the substrate is submerged into a suspension of nanodiamonds with

ultrasonic agitation, creating both scratches and diamond nucleation seeds. The

e�ciency of this method can vary for the treatment material (grain size, grain ag-

glomerates, suspension medium) and time of ultrasonic treatment [144, 145, 146].

Therefore, it is recommendable to do testing to identify the appropriate material

and ultrasonic treatment duration in the used deposition device to ensure a su�cient

high nucleation density for a closed �lm that can reach up to 1011 cm−2. However,

this method of treatment is rather rough and when thinking about applications in

microelectronics, where the structure sizes might below 1 µm, it is not suitable for

this task. An alternative is the so-called bias enhanced nucleation (BEN) method,

which requires conductive substrates. As mentioned before the typical gas composi-
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tion for growing diamond is a small fraction of methane (around 1 %) diluted in an

excess of hydrogen. For BEN treatment, prior to the diamond deposition process,

the fraction of methane is heavily increased and an electrical �eld is applied with

the substrate negatively biased [147]. With this it was possible to achieve nucleation

densities in the range of the ultrasonic treatment but without extensively damaging

the surface. A proposed model on the mechanism backed by computational simu-

lations and experimental data involves bombardment with positively charged ions

that is responsible for BEN [148]. Firstly, carbonaceous ions are implanted into the

subsurface (1− 2 nm depth) forming a hydrogenated amorphous carbon phase until

saturation is reached. Secondly, the continuous bombardment with hydrogen ions

drives the spontaneous precipitation of crystalline diamond clusters in the amor-

phous carbon phase and additionally the stabilization of these clusters by hydrogen

termination. Thirdly, as the hydrogen ion bombardment continues amorphous car-

bon atoms are easily displaced, while the carbon atoms in the diamond clusters are

more rigid, resulting in a growth of the diamond cluster by incorporation of such

displaced amorphous carbon atoms. The possibility to utilize BEN is an inherent

advantage for MWCVD over HFCVD, since in the latter signi�cantly less ions are

created during thermal activation.

Figure 2.18: (a) Diagram showing the dependence of the average diameter of a dia-
mond crystal on the ratio [H]/Σ[CHx] (x < 4). (b) Diagram depicting
the relation of the α-factor (solid lines) to the substrate temperature
and methane concentration. (Reprinted and modi�ed with permission
from [140] (a) and [149] (b))
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The growth of diamond thin �lms is �rst and foremost dependent on the gas compo-

sition and substrate temperature. A general trend is visible in the amount of atomic

hydrogen available. With decreasing relative concentration of atomic hydrogen in

a gas mixture the resulting �lm has a lower crystallinity. Therefore, SCD �lms are

only attainable from a gas mixture with very high hydrogen content, UNCD on the

other hand can be grown without any additional hydrogen, which is replaced by ar-

gon or nitrogen that act as carrier gases. Here, atomic hydrogen with consequently

very low concentrations is created only from methane molecules. This experimental

observation led May et al. to propose a model in which the average diameter of a

diamond crystal < d > is a function of the ratio between the atomic hydrogen con-

centration and the concentration of all primary carbohydrate radicals [H]/Σ[CHx]

(x < 4) close to the substrate surface [140] (Fig. 2.18 a). Another model is espe-

cially useful for MCD and NCD. Wild et al. introduced the so-called α-factor that

describes the relative growth velocities V of the (100) and (111) crystal planes and

is de�ned as α =
√

3 · V(100)/V(111) with values between 1 and 3. At �xed growth

conditions the crystals planes are not growing equally fast. This way it is possible

to determine the surface morphology to a certain degree by setting the growth con-

ditions for example in a way that the smooth (100) plane is grown preferentially

[149] (Fig 2.18 b). PCD �lms except UNCD are grown in the van der Drift regime.

This growth mode starts with randomly oriented cubic seeds that overgrow each

other after the principle "survival of the fastest". Consequently, with increasing

�lm thickness the grain boundaries are reduced because the grains are overgrown

and fewer grains made up the surface, which becomes increasingly rougher [150]. As

mentioned before, UNCD is the exception due to the high renucleation rate, which

implies that another growth mechanism could be responsible. It is also suggested

that the methyl radicals are not the main growth species, since model predictions

which assume exactly that work for NCD and MCD, but fail to predict UNCD

growth accurately [140]. The C2 dimer was a potential candidate as main species

for growth due to the lack of hydrogen present in UNCD gas mixtures, but computa-

tional models suggested that a high energy barrier prevents the incorporation of C2

into the diamond lattice. This led to the assumption that maybe C2 is responsible

for triggering renucleation but is not the main growth species itself [140, 151]. The

UNCD growth mechanism could also be the result of interactions between di�erent

species and hence being much more complex.
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2.4 Interactions of Diamond and Biological Entities

This subsection addresses the topic of interactions between diamond surfaces and

biological entities, in detail cells and biomolecules. At �rst the cell-cell adhesion and

underlying mechanisms are introduced with later expansion on cell-surface adhesion

in general, and on diamond in particular. The in�uence of the surface chemistry is

discussed and what possible methods are available to tailor the surface environment

either to enhance or diminish cell adhesion depending on the aimed application.

The surface chemistry will also be discussed in context of covalent and non-covalent

bonding of bio(macro)molecules on diamond surfaces. The in�uence of the diamond

surface on macromolecules (non-covalent bonding and possible impairment of phys-

iological functionality) is discussed as well as di�erent chemical coupling routes for

the covalent immobilization of proteins.

2.4.1 Cell-Diamond Interface

In general, cell adhesion is the process of cell attachment to its surroundings. In a

physiological sense it is the attachment of cells to other cells (cell-cell adhesion) or

to the extracellular matrix (cell-ECM adhesion) in order to form large multicellular

organisms (animals, plants and fungi) or specialized multicellular aggregates (organs

like the brain, lung, skin, heart, etc.). In the context to this work it is simply the

attachment of cells on arti�cial surfaces (cell-surface adhesion) [152]. A successful

adhesion of a cell is the bare minimum to ensure its viability because important

mechanisms for proliferation and di�erentiation of the cell depends on it either in-

directly or directly [153]. So, when thinking about creating coatings for implants

or devices to cultivate cells, cell adhesion is the �rst issue to address, for which

it is necessary to understand the underlying molecular mechanisms. Cell adhesion

is mediated by so-called cell adhesion molecules (CAMs) that are predominantly

single-pass transmembrane receptors which recognize and bind to certain ligands on

the surface of neighboring cells or in the ECM [154]. Note that in this work only

proteins that are attached to the cell (membrane or transmembrane) and mediate

adhesion are denoted as CAMs. In literature this term can also be extended to

ECM molecules that act as ligands. Structurally those CAMs can be divided into

intracellular, transmembrane and extracellular domains. CAMs can be character-

ized by their binding behavior, which is either heterophilic or homophilic, so they
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bind to a di�erent ligand or to the same type of CAM. An additional division can be

done by looking at the dependency on the calcium cation Ca2+ that is required for

some CAMs to function. In literature generally four types of CAMs are described

of which two types are dependent on Ca2+ and two types are independent [152].

The two Ca2+ ion dependent types are called cadherins and selectins. Cadherins are

homophilic CAMs mainly responsible for the formation of intermediate junctions

between cells. The extracellular part is made from repeating cadherin polypeptide

domains, which are quite �exible, forming clusters of cis-dimers if Ca2+ is absent.

In presence of Ca2+ a change in conformation is triggered by the binding of Ca2+

ions to the cadherin domains creating an elongated orientation, which is able to

form trans-dimers with the extracellular cadherin domains from adjacent cells [155].

The transmembrane part of cadherins is made from a single glycoprotein chain and

the intracellular part is a binding site for the catenin protein complex that mediates

the binding to the actin �laments of the cytoskeleton [156]. The structure described

above is the case for so-called classical cadherins, but there are also di�erent subtypes

like the non-classical cadherin (which binds to the intermediate �lament instead of

actin without participation of catenin) or protocadherins (that do not bind to the

cytoskeleton at all). The extracellular and transmembrane part of cadherins are

the most conserved parts but may di�er in the number of polypeptide cadherin

domains (mostly �ve). Di�erent types were found predominantly in certain tissues

and named accordingly (N-cadherin for neuronal, E-cadherin for endothelial etc.

pp.). The family of cadherins is quite large and researched heavily concerning their

structure and function [157].

Selectins are single chain transmembrane glycoproteins related to carbohydrate-

recognizing lectins [158]. As heterophilic CAMs they bind to sugar moieties present

on cell membranes and in the ECM as ligands, primarily sialofucosylated glycopro-

teins and glycolipids (E-selectin only). There are three sub-types with structural

di�erences denoted after where the cells can be found: E-selectin (endothelial cells,

only expressed in case of an in�ammation), P-selectin (platelets, stored in granules

and transported to the cell membrane in case of activation), L-selectin (leukocytes,

always present on cell membrane) [159]. All three types share a similar structure

with the extracellular part made from a N-terminal Ca2+ dependent lectin domain,

41



2 Fundamentals 2.4 Interactions of Diamond and Biological Entities

which is the actual site for ligand bonding, followed by an epidermal growth fac-

tor (EGF) domain and a variable number of consensus repeat units unique to the

sub-type of selectin (2, 6, and 9 for L-, E- and P-selectin, respectively). A trans-

membrane domain and cytoplasmic tail conclude the structure of selectins [160].

Due to the fast on-o� turnover and the high tensile strength of the selectin-ligand

bond, it enables, for example, the shear �ow movement of leukocytes in blood ves-

sels and eventually the cell tethering prior to extravasation, the mechanism by which

leukocytes leave the blood circulation system and in�ltrate the surrounding tissue

to reach infections or damaged areas.

Independent from Ca2+ ions are the CAMs from the immunoglobulin-like super

family (IgSF CAM) and the integrins. The IgSF CAMs are a large group of trans-

membrane and membrane glycoproteins with diverse structures that facilitate both,

homophilic and heterophilic bonding between cells and ECM. Like the name sug-

gests, the actual bonding is mediated by at least one N-terminal immunoglobulin

(Ig)-like domain [161]. It is proposed that the number of Ig domains is correlated

with the speci�city of the bonding, i.e. more Ig domains resulting in a more speci�c

and stronger bond. The Ig domain is followed by a variable number of �bronectin

(FN) domains which presumably act as regulatory spacers. This structure so far is

very common but it is also possible that Ig domains can be found within the chain

of FN domains demonstrating the structural diversity of IgSF CAMs [162]. The

extracellular part can be connected directly to the cell membrane via glycosylphos-

phatidylinositol (GPI) anchor that binds to the C-terminus of the FN domain, or

via transmembrane and cytoplasmic domains to cytoskeleton components like actin,

tubulin or spectrin [163]. As an example given, the neuronal cell adhesion molecule

(NCAM) is an IgSF CAM with �ve Ig domains and two FN domains. Three main

isoforms are known, one anchored via GPI to the membrane and two with trans-

membrane domains. NCAM is one of the most heavily researched IgSF CAM and

involved in numerous neuronal development mechanisms from growth to enzyme

regulation [163].

Integrins are heterodimeric transmembrane glycoproteins consisting of two subunits

denoted as α and β. In mammals 18 α-subunits and eight β-subunits compose 24

known integrins, not including variants resulting from post-transcriptional splicing
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or post-translational modi�cation. For example, the model organism drosophila has

�ve α- and two β-subunits. Each subunit has a single-pass transmembrane domain,

so a single integrin penetrates the cell membrane twice [164]. The combination of

α and β determines the ligand speci�city and intracellular signaling. The size of

the cytoplasmic tail is typically very small (20-70 amino acids (aa)), but large tails

(around 1000 aa) are known as well [165]. The inactivated extracellular part is

in a bent conformation where the ligand binding site is concealed and the trans-

membrane/cytoplasmic domains of α and β are close together. After activation the

extracellular part is in a linear conformation with the ligand binding site exposed.

The transmembrane/cytoplasmic domain is either close together or separated, both

structures were observed by X-ray di�raction, but signaling is only possible in the

latter case since no interaction with the cytoplasmic tails can occur when the trans-

membrane domains of α and β are too close to each other [166]. Despite being

characterized as independent from Ca2+ in the direct binding process (compared

to cadherins), divalent cations like Mg2+, Mn2+ and Ca2+ play a vital role for the

structure and function of integrins as parts of metal-ion-dependent adhesion sites

(MIDAS). Out of the 24 mammal integrins nine have a distinct domain where ligands

bind, called the αI-domain that is attached to the α-subunit. The remaining inte-

grins bind to ligands with both subunits involved. Of those, eight integrins bind to

ECM molecules like �bronectin, vitronectin or �brinogen by recognition of a speci�c

amino acid sequence called RGD-motif (one-letter code for the amino acids argi-

nine, glycine and aspartate), which is the most common binding site for integrins.

Other ligands that are recognized include ECM proteins like collagen or laminin and

other cell adhesion molecules like cadherins and IgSF CAMs [167]. Integrins act as

bidirectional mediators that transduces information across the cell membrane. The

cytoplasmic tail interacts with numerous proteins to create focal adhesion sites that

connect cytoskeleton and ECM molecules enabling downstream signaling. A large

number of signaling pathways were already revealed and is still growing [168].

The molecular mechanisms of cell adhesion as shown here can be staggering in their

complexity. However, on arti�cial surfaces like diamond the situation should be

less complex due to the absence of proteins, at least in the initial stage after cell

plating. All CAMs bind to other proteins to mediate adhesion. The participation

of homophilic CAMs (cadherin and homophilic IgSF CAM) in cell-surface adhesion
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Figure 2.19: Schematic of possible cell adhesion molecule interactions between two
cells. (a) Homophilic interaction between IgSF CAMs. (b) Homophilic
interaction between cadherins. (c) Heterophilic interaction between
selectin and a glycoprotein. (d) Heterophilic interaction between IgSF
and integrin. (Reprinted and modi�ed with permission from Pearson
Education Inc.)

can be neglected in the simpli�ed case of a single cell that is plated on a surface

since there are no other cells to interact with. The only appropriate ligands are ECM

molecules like the glycoproteins �bronectin, vitronectin or laminin, which have to be

secreted by the cell itself into the gap between the cell and the surface. Heterophilic

CAMs such as integrin, selectin and heterophilic IgSF CAM are able to bind the

released ECM proteins, which show the �tting binding sites for the CAMs: sugar

moieties for selectin, RGD motif and structural features for integrin and IgSF CAM.

The primary target is therefore to create conditions on the surface were the cells

secrete the molecules and eventually bind to them. Of course, it is possible to create

surfaces with immobilized ECM proteins that act as binding sites for CAMs and thus

ensure a good adhesion of cells on plates and dishes (protocols and materials are

commercially available) [169]. It was shown that cell adhesion could be enhanced by

simply binding synthetic amino acid sequences to the surface, which are derived from

ECM molecules and are known binding sites for CAMs (RGD or YIGSR sequences
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from �bronectin and laminin, respectively) [170, 171]. Nevertheless, preparing sur-

faces like this or purchasing them is time consuming and expensive. A cheaper way

can be the tailoring of the surface properties and surface topography to enhance

gene expression, synthesis and secretion of ECM proteins from cells.

Regarding the surface topography, the general trend is that nanosized surface fea-

tures (feature size below 100 nm) enhance cell adhesion and surface features with

larger sizes hamper it. However, it was shown that larger surface features can be

used to manipulate cell di�erentiation to a certain degree. For example, in one pub-

lication a pattern of grooves with 100 − 400 nm widths was prepared by electron

beam lithography and showed clear preferential axonal growth of neurons along the

grooves [172]. The conclusion that can be drawn from this and other observations

is that cell adhesion is bene�ting from surface roughness as long as the feature sizes

are below 100 nm [173]. Above this feature size, the surface structure is not so much

bene�cial to cell adhesion but can be utilized by patterning of the surface to manip-

ulate cell growth and has therefore a possible application in tissue engineering. A

reason why small surface features promote cell adhesion could be that the adsorption

of cell secreted ECM proteins on nanosized structures is more e�cient compared to a

surface with larger or no structures [173, 174]. For diamond thin �lms this trend was

con�rmed. Several publications showed that cells (osteoblasts, neurons, �broblasts)

adhere, proliferate and di�erentiate signi�cantly better on NCD �lms in comparison

to MCD �lms with an inherent higher surface roughness. This was also the case

when NCD �lms deposited on substrates with di�erent initial surface roughness were

compared [175]. For this reason, a lower surface roughness is preferred, but there

seems to be a threshold since very �at surfaces are not showing a bene�cial impact

on cell adhesion. This is a general trend as mentioned before and the e�ect can

vary greatly depending on what kind of cells will be plated on the surface. It can

be expected that larger cells like primary bone cells (ca. 50 µm diameter) react

di�erently to surface structures than smaller ones like monocytes (ca. 10 µm diam-

eter). The e�ect of a given surface structure could be signi�cant on smaller cells

and negligible on larger cells. This is most likely due to the distribution of sens-

ing receptors responsible for cell movement and the �nite range of pseudopodia [174].

A similar �ne tuning is necessary when tailoring the physical and chemical properties
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of a surface to match conditions for cultivation of cells. As stated before, the release

of ECM proteins in the cell-surface gap is the key factor for cell adhesion and follow-

ing advantageous cellular responses. ECM proteins are typically negatively charged,

like most proteins, and therefore a positively charged surface should be helpful for

the adsorption onto the surface and subsequent provide enhanced cell adhesion and

spreading. This was con�rmed for example with osteoblasts that were plated on

negatively (-COOH termination) and positively (-NH2 termination) charged sur-

faces with better results in the latter case [173]. Since aqueous conditions are the

standard inside and outside of the cell it is not surprising that hydrophilic surfaces

surpass hydrophobic surfaces in terms of cell adhesion [173]. However, studies have

shown a trend that proteins in general adhere with lower quantities on hydrophilic

surfaces compared to hydrophobic surfaces. But it was also shown that proteins on

hydrophilic surfaces experienced less conformational changes [176]. That means, in

spite of gathering less proteins overall, the proteins are more likely to keep their

functionality on hydrophilic surfaces. Furthermore, contrary to the general trend

of proteins prone to hydrophobic surfaces, adhesive proteins like �bronectin prefer

hydrophilic surfaces [174]. In an experiment, albumin and �bronectin were mixed

and hydrophilic and hydrophobic HMDSO samples (hexamethyldisiloxane with and

without O2 plasma treatment) were submerged in the protein solution, whereas al-

bumin showed the expected behavior of proteins and adhered to the hydrophobic

surfaces, �bronectin preferably adhered to the hydrophilic ones [177]. Both, charge

and wettability of a surface show a clear trend, but reaching the extremes in these

traits the trend is negated. Highly positively charged and highly hydrophilic sur-

faces have shown to be counterproductive for the purpose to maximize cell adhesion

capabilities of a surface since both lead to denaturing of ECM proteins and conse-

quently to decreased cell adhesion [174]. For diamond in particular the experimen-

tally observed behavior is con�rmed. By patterning of the surface with hydrophobic

(�uorine) and hydrophilic (hydroxyl-groups) surface terminations it was possible to

guide cell growth of neurons along the hydrophilic domains with nearly absolute

avoidance of the hydrophobic areas [18]. A work on osteosarcoma cells grown on

titanium and titanium coated with amino-group modi�ed UNCD revealed an upreg-

ulation and increased secretion of �bronectin in cells grown on hydrophilic UNCD as

revealed by proteomic analysis [178]. By comparison of the cell adhesion properties

on as-grown and modi�ed UNCD and diamond-like carbon (DLC) it could also be
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shown that the physical and chemical properties have a more severe impact than

the surface topography on cell adhesion [16].

In summary, cell adhesion can be facilitated on any surface either by structuring

the surface or by changing of the physico-chemical properties. For both, general

trends have been identi�ed from a multitude of scienti�c publications, but a �ne

adjustment is necessary to reach the best possible combination. Diamond has been

researched since the early 1990s as a biomaterial. From these �ndings it can be con-

cluded that diamond is a reliable material with profound cell adhesion capabilities

that can be enhanced with relative ease via established structuring and modi�cation

strategies. A surface should have following traits to ensure a strong cell adhesion:

slightly hydrophilic, positively charged and with surface features below 100 nm. The

former two have a more severe impact than the latter one. UNCD as the material

used in this work can be prepared in a way to meet those conditions to enhance cell

adhesion and additionally being inert as well as showing low cytotoxicity. With this

set of properties UNCD is a promising material for cell incubation and as a coating

for implants [179].

2.4.2 Biomacromolecules on Diamond

Biological macromolecules and their utilization via immobilizing on a surface is re-

searched for decades. One prominent and probably the most widespread application

is the creation of functionalized platforms, where molecules are immobilized and are

able to bind to other molecules with high speci�city, mostly for the purpose of

detection. To achieve immobilization there are basically two strategies: covalent

and non-covalent binding of the molecule to the surface. What strategy is pursued

depends on the application of the surface, the surface material, the immobilized

molecules and the environmental conditions, where the application should operate

[180, 181]. For example, the use of covalent bonding could be preferable in case of an

enzyme support in a reactor to ensure that the enzymes stay attached to the surface

and do not contaminate the substrate/product solution. On the other hand, the

additional preparation step of covalent immobilization is a cost and time factor that

can be avoided if not necessary, which is for example done for the non-covalently

immobilized glucose oxidase used in some blood glucose test stripes [182]. In addi-
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tion both immobilization strategies could interfere with the molecule function and

could even render the molecule completely inactive after immobilization. In case

of covalent immobilization the established bond could be directly in or around the

binding region, preventing the binding of a molecule/substrate or disturb conforma-

tion change of the immobilized molecule. For non-covalent immobilization the same

problems can occur and additionally the interactions that act to bond molecules

to the surface � like Van der Waals forces, hydrophobic interactions, electrostatics,

hydrogen bonds � are the same that act to give biomacromolecules like proteins and

nucleic acids their functional structure, which can be lost when exposed to those

specially prepared surfaces [181]. Contrary to the usual experimental observation

that immobilization causes a decline in enzyme activity, there are also reports show-

ing that immobilization can increase the stability and activity of enzymes [183].

Therefore, careful consideration of the application and used materials is of utmost

importance.

Figure 2.20: Increasing structural order from top to bottom: starting with the amino
acid sequence of the primary structure (amino acids denoted in three-
letter code), the secondary structures α-helix (red) and β-sheet (blue)
(random coils (grey) in between), the tertiary structure with folding into
distinct domains and �nally the assembly to the full functional quater-
nary structure made from three monomers. The example depicted here
is the proliferating cell nuclear antigen (PCNA), a key player in DNA
replication. (Image created by Thomas Shafee, Creative Commons li-
cense: CC BY 4.0)
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Proteins are complex polymers with higher order structure that function as molec-

ular tools inside a cell. The bio-synthesis in eukaryotic cells starts with the tran-

scription of the protein genetic information from DNA to mRNA (messenger RNA)

by the enzyme RNA polymerase. The mRNA is transferred out of the cell nucleus

and is further processed by the ribosome, which decodes the mRNA sequence into

the amino acid sequence in a process called translation. Three nucleotides of the

mRNA comprise the codon for a single amino acid which is presented by the ribo-

some in a way that enables the binding of an amino acid carrying tRNA (transfer

RNA) with three complementary nucleotides, the so-called anticodon. After bond-

ing of the �tting codon and anticodon the ribosome facilitates the formation of a

peptide bond, which is the condensation reaction between the amino- (�NH2) and

the carboxyl-group (�COOH) of the two adjacent amino acids. The amino acid

chain grows with step-by-step addition of amino acids until a stop codon is reached

and the chain is released from the ribosome [184]. The sequence of amino acids

is the most basic structural order, which determines the structure of the protein

and is called primary structure (Fig. 2.20). By convention the primary structure

starts from the N-terminus and ends at the C-terminus and is composed from 21

proteinogenic amino acids (eukaryotes) that are distinguished and categorized by

their unique side chains (R-group). Those side chains can be at given conditions

either electrically charged (weak basic or acidic) or uncharged, with polar or non-

polar properties, making the side chain hydrophilic or hydrophobic in nature. In a

process called protein folding the proteins gain a three dimensional structure due

to interactions of the side chains with each other and the solvent water molecules.

The secondary structures are de�ned by the geometry of formed hydrogen bonds

between the amine and carboxyl groups in the peptide backbone with the most

common structures being the α-helix, β-sheet or random coils. Mainly driven by

the hydrophobic e�ect, where hydrophobic residues are shielded from water with

the orientation of nonpolar regions to the interior and polar regions to the exterior

of the protein, it folds into its tertiary structure that can consist of one or more

so-called domains (regions of stable and compact folding). These domains are sta-

bilized by the formation of disul�de bridges, hydrogen and ionic bonds, electrostatic

and hydrophobic interactions. Up to this point only a single amino acid chain was

folded into a complex three dimensional structure. However, the highest structural

order is the quaternary structure that is the aggregation of two or more individual
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folded amino acid chains. In this case, the individual chains are denoted as subunits

of the protein and the stabilization is provided by the same mechanisms that sta-

bilize the tertiary structure [184]. Some remarks to this very shortened description

of the protein bio-synthesis are necessary. The process of protein folding is highly

complex and the derivation of the protein structure from the amino acid sequence

should be possible but is still not achieved after 50 years of research due to the

multitude of in�uencing factors [185]. Some proteins can only reach their folded

and consequently functional state when specialized proteins are involved (namely

enzymes and so-called chaperon proteins) [186]. The depiction of how the tertiary

structure is achieved is also simpli�ed for globular proteins like the binding proteins

used in this work, which are present in aqueous environments such as the cytosol

or ECM. This is however not the only possibility of protein folding since membrane

proteins like ion channels or receptors for example need exposed nonpolar regions

in their membrane or transmembrane domains in order to be incorporated into the

lipid bilayer cell membrane [187].

In this work the immobilization of binding proteins on diamond is a main focus.

The key question is what binding sites can proteins provide for covalent immobi-

lization chemistry. Such large molecules have numerous functional groups which

can be utilized for this purpose like the terminal �NH2 and �COOH groups (N-

and C-terminus of the amino acid chain) and additionally the functional groups

of their side chains [189]. Considering the simpli�ed case that the nonpolar side

chains are buried inside the protein, the accessible functional groups are more

likely from amino acids with polar side chains. Those could be for example �NH2

groups from the amino acids arginine, lysine, asparagine and glutamine or �COOH

groups from aspartic acid and glutamic acid, furthermore �OH groups from ser-

ine or threonine. A special case is the thiol group (�SH) from cysteine with its

crucial role in protein stabilization by formation of disul�d bridges, which could

also be a suitable target for immobilization chemistry. These functional groups are

common targets for commercial available crosslinking reagents that create covalent

bonds between di�erent proteins, but they can also be used for the immobiliza-

tion on a surface, where the linker molecule now covalently binds the protein to

the surface. Two common strategies use either an incorporating linker or a me-

diator. An example for the former case is glutaraldehyde, a linear molecule with
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two terminal �COOH groups (HOOC�C3H6 �COOH, therefore a homobifunctional

linker) that can react with �NH2 groups to form a peptide bond in a condensa-

tion reaction [190]. The second case is for example the mechanism of 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, a heterobifunctional linker), which shows

a reactive carbodiimide structure (�N��C��N�) that activates a �COOH group to

form an intermediate O-acylisourea ester, where �NH2 groups can react with to

form yet again a peptide bond with release of an isourea by-product [191]. The dif-

ference here is that glutaraldehyde is incorporated into the established link between

the two terminal �NH2 groups of the surface and the protein, whereas with EDC

the link is directly between the terminal groups (zero-length linker). Both reactants

and mechanisms will be presented in more detail in section 3, since both will be

used and investigated in this work.

Figure 2.21: Various modi�cation routes for nanodiamond (ND) particles from a
common starting material, ND with terminal �COOH (prepared by air
oxidation or ozone treatment and subsequent treatment with aqueous
HCl), showcasing the diversity of available diamond particle surface
terminations. (Reprinted and modi�ed with permission from [188])

Diamond can be functionalized with each of the above mentioned functional groups

with various alternative mechanisms to choose from, which requires sometimes more,

sometimes less preparation. The predominant pathway is dependent on the nature

of the diamond, that can be either a particle or a surface. Diamond particles, prefer-
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ably in nanometer range, have reactive terminal groups that can react in solution or

gaseous atmosphere at elevated temperatures with relative ease to provide numerous

terminations for further processing (Fig. 2.21) [188].

Figure 2.22: Various modi�cation routes for diamond �lm surfaces starting from
hydrogen-termination. EC stands for electrochemical. (Summarized
from [192])

However, diamond �lms are usually more demanding (Fig. 2.22). There are reports

about the simple treatment of diamond �lms with strong oxidative acids at elevated

temperatures to get oxygen termination [193] and some of the procedures applicable

for particles also work for �lms, but usually the modi�cation of diamond surfaces is

more e�cient when energetic approaches like electrochemical or even laser induced

processes are used [194, 195]. Some of the best results were achieved when the sur-

face was subjected to an atmosphere of highly reactive species formed typically by

plasma or UV light irradiation [196, 197, 198]. Additionally, the functionalization

of hydrogen terminated diamond �lms by photochemical attachment of ω-alkenes is

used with great success and utilizes the unique property of negative electron a�nity

(NEA) of those surfaces [199, 200]. The mechanisms of the aforementioned func-

tionalization routes are fundamental to this work and presented in more detail in

section 3 as well.
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2.5 Biological Applications of UNCD Thin Films

This subsection highlights the objectives of the thesis in more detail with respect

to the current state of research. First is the application as an implant coating.

Diamond �lms are promising in this application due to their inherent good mechan-

ical properties and the high biocompatibility bene�ting both the wear resistance to

strain and incorporation of the implant into the surrounding tissue. However, the

aim in this work is to add another trait to UNCD, which is antibacterial properties

to battle infections after implant surgery. This is a continuation of a previous work

with substantial additional results.

The main focus however is the development of a protocol to functionalized UNCD

surface reliably for the purpose of detecting speci�c molecules from an analyte so-

lution with subsequent quanti�cation. Major parts are investigations about the

e�ects of nanostructuring of the surface, the selection of an appropriate immobi-

lization strategy for proteins via various routes and �uorescence experiments with

di�erent binding proteins, including classical antibodies and recombinant synthetic

proteins. In the bigger pictures this is part of the development of a sensing platform

for time-resolved detection of released molecules from an incubated tissue sample.

2.5.1 Implant Coating Material

The coating of implants is one of the possible applications of diamond thin �lms.

The superb wear resistance of a diamond coated implant that is subjected to con-

stant stress (e.g. joint replacements), could increase the life time of the implant.

In addition, the implant coating can act as a physical barrier to reduce or com-

pletely prevent the release of harmful abrasion particles and toxic metal ions from

the implant that could induce in�ammatory responses [201, 202]. Already discussed

in section 2.4.1 is the good cellular response on diamond surfaces and especially

UNCD surfaces. Since a substantial cell adhesion is the basic requirement for the

integration of an implant, UNCD seems to be a promising material. To add another

bene�cial trait to UNCD surfaces in their possible application as implant coating,

the aim of a previous work was the incorporation of silver nanoparticles to pro-

vide antibacterial properties. Furthermore, the focus was on the characterization of
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the UNCD-silver thin �lms, the release of silver ions and testing against two bacteria.

Silver is known for its antibacterial e�ect for centuries. With growing scienti�c

understanding research quickly identi�ed the silver ions (Ag+) as the antibacterial

e�ective species. However, the pathway of action is still not fully understood, but

it is apparent that silver has de�nitely more than one [203]. It was shown that the

antibacterial activity is closely related to the high a�nity of silver ions to the thiol

group, which is present in almost every protein, being the side chain of the amino

acid cysteine. That way silver impairs the functionality of proteins and enzymes

essential for the survival of the bacteria or even inactivates them completely. A par-

ticularly damaging collateral e�ect is the impairment of enzymes in the respiratory

chain, which causes the generation of reactive oxygen species (ROS), like the super-

oxide radical (O2
� ), further harming the bacterium from inside. Therefore, silver

ions are more e�ective as antibacterial agents in aerobic conditions [204]. The dis-

tinct a�nity to thiol groups was tested against other sulfur containing compounds

and their ability to quench the neutralizing ability of silver ions. For this purpose,

a solution of P. aeruginosa was treated with silver nitrate, resulting in neutraliza-

tion of the bacteria. If a thiol group containing compound (cysteine, glutathione)

is added the neutralization ceased. Other sulfur containing compounds like taurine

or cystein-S-acetamide (cystein reacted with 2-iodoacetamide), fail to in�uence the

antibacterial activity, con�rming the speci�c a�nity of silver ions to thiol groups

[205]. Another pathway of action is the interference with the reproductive abilities

of the bacteria by causing a change of DNA into condensed form, unable to replicate.

Those are some examples of di�erent pathways that make silver promising for an-

tibacterial applications, especially in context of the growing number of bacteria that

acquire resistance genes against antibiotics. But silver must be used with caution,

because the mechanism that makes silver antibacterial also a�ects normal cells. A

critical toxic concentration for human cells is 10 µg · mL−1, however, bacteria are

a�ected by concentrations as low as 0.1 µg ·mL−1, giving some scope [206]. Never-

theless, the control and the dynamic of the silver ion release is an important topic

when thinking about applying silver in an implant coating.

The research of thin �lm implant coatings with silver incorporation is dominated by

diamond-like carbon (DLC) �lms. However, since UNCD also contains amorphous
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carbon, one can draw some conclusions from these �nding. In one paper the au-

thors report the coating of stainless steel with a DLC-Ag layer system, created by

spraying silver colloidal solution on the DLC surface for every 25 nm of deposited

DLC (4 to 10 repeats) [207]. The antibacterial e�cacy (ABE) was tested against

E. coli after 3 hours and 24 hours of exposure. After 3 hours 70 % of bacteria were

neutralized by DLC-Ag layer compared to 30 % by pure DLC, showing an inherent

ABE. After 24 hours the pronounced ABE fainted for DLC-Ag, equaling with pure

DLC at neutralizing around 30 % of bacteria. This indicates that the silver release

from the DLC-Ag layer was only sustained for a short period of time and within 24

hours the release ceased completely. In another study this burst-like initial release

of silver ions was observed as well [208]. Furthermore, it was shown that the amount

of silver layers does not a�ect the ABE, indicating that only the topmost layer is the

source for the silver ion release. The paper also showed that the silver incorporation

comes with a substantial decrease of hardness from 20 GPa down to 11 GPa. The

in�uence of the mechanical performance is a common theme when silver is embed-

ded into DLC. XPS measurements revealed that silver is incorporated in a metallic

state, not covalently bonded to carbon [209]. This increases the amount of grain

boundaries and is detrimental for the structural integrity of DLC �lms. This can be

addressed by implanting silicon that is readily incorporated into the carbon matrix

and acts as a mediator by forming Si�O�Ag bridges to stabilize the �lm [210]. An-

other paper reported the in�uence of a capping layer to control the degree of silver

ion release. On top of a DLC-Ag �lm a capping layer of SiO2 was deposited with

thicknesses of 10 nm and 35 nm. The ABE against S. sanguinis was heavily in-

�uenced showing 90 % for 10 nm and only 10 % for a 35 nm thick capping layer [211].

For diamond thin �lms with a crystalline phase there were no scienti�c publications

about the incorporation of silver. This sparked an interest for the experiments con-

ducted in a previous work with the main focus on the preparation of UNCD �lms

with embedded silver nanoparticles. Therefore, the procedure to create said sam-

ples (UNCD deposition, silver nanoparticles generation and their embedding) will

not be a topic here but can be found elsewhere [212]. A summary of all results was

published in [213].
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2.5.2 Biosensor Platform

Diamond is due also a promising material due to its inertness and variability of

surface properties when it comes to applications as sensing platform. As it was dis-

cussed before (see section 2.4.2 for more detail), diamond can be functionalized with

a broad range of biological molecules including proteins of which most important for

sensing purposes are binding proteins with high speci�city and a�nity to the inves-

tigated molecule. In combination with the substantial biocompatibility of diamond,

and especially of UNCD, it is a promising candidate for long-term observations of

cells to study their function. The immobilization of proteins is in this context of

special interest, since the use as a sensing platform requires a protocol that ensures

reliable and easily reproducible results. The research presented in the current work

was initiated with the vision to create a biosensor for time-resolved resolution of

certain molecule concentrations, which play a vital role in the generation and main-

tenance of the inner clock in the model organism Rhyparobia maderae, the Madeira

cockroach.

The inner clock is a blanket term for rhythmical endogenous processes observed in

plants and animals alike, that allow adaption and prediction of periodically occur-

ring events in their environment. The most prominent is the circadian rhythm (CR)

with a 24-hour period, regulating the day-night cycle in organisms. External stimuli

(called zeitgeber) like light or temperature can in�uence the CR in a process called

entrainment. For example, a person �ying through time zones will experience jet

lag (sleeping disorder), since the time of light exposure di�ers between the place of

origin and the destination. The CR is entrained by the new environment with its

shifted day and night cycle [214]. In R. maderae the CR is generated by specialized

clock neurons (or pacemakers), situated in the accessory medulla (AMe) close to

the optical lobe in the cockroach brain. Around 240 of these neurons compose the

network responsible for forming and maintaining the CR. On the molecular level

those neurons show gene expression of CR related proteins with periodical �uctua-

tions of mRNA and consequently protein concentrations (with 6− 8 hours of delay)

[215]. In detail, transcription factors clock (CLK) and cycle (CYC) activate the

transcription of clock proteins period (PER) and timeless (TIM) by binding to their

respective gene enhancer boxes. PER and TIM mRNA concentrations rise in the

evening and decline in the late night. PER and TIM on the other hand inhibit
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their own transcription, creating a negative feedback loop, with highest protein con-

centrations in the middle of the night. An important regulatory factor is the blue

light-sensitive photopigment cryptochrome (CRY) that light-dependently initiates

the degradation of TIM. PER is indirectly a�ected by CRY since it is protected

from degradation by heterodimerization with TIM and therefore is degraded to the

same extent as TIM. Note that this is a very simpli�ed depiction of the molecular

clock. In addition to this molecular clockwork in the nucleus and cytoplasm of clock

neurons, a second clockwork generates circadian and ultradian (periods longer than

24 hours) rhythms in the plasma membrane. Here, voltage-, calcium ion- and second

messenger-gated antagonistic ion channels are the instruments and accordingly the

oscillating quantities are the voltage and concentrations of calcium ions and second

messengers [215, 216]. These mechanisms work in a single clock neuron, but for a

general robust circadian rhythm output it is necessary to synchronize large amounts

of neurons to form ensembles. It is assumed that the pigment dispersing factor

(PDF), a neuropeptide, acts as a neuromodulator aiding this ensemble formation

[217, 215]. Therefore, the time-resolved resolution of PDF release over a long time

period would be of great interest for better understanding the inner mechanisms of

the circadian rhythm.

Diamond was used as a sensing platform before, mostly as a sensor for pathogenic

entities like viruses and bacteria. For example, boron doped diamond (BDD) was

functionalized with antibodies against the in�uenza virus via diazonium salt coupling

(4-aminobenzoic acid). The limit of detection and time of analysis surpassed estab-

lished detection methods like ELISA or real-time PCR, proving that diamond can

be of use for this kind of application [24]. Another study used boron-doped UNCD

with antibodies against E. coli, immobilized by photochemical grafting. Both exam-

ples use impedance as transducer to report the binding of the target entity, which

requires conductive substrates, hence the boron doping. One major disadvantage is

the poor signal reproducibility due to fouling of the electrode surface. This fouling is

reduced on UNCD due to the e�ect that the signal reproducibility was signi�cantly

improved and the sensitivity increased four orders of magnitude [23].

Overall, diamond showed to be an interesting material for sensing applications due

to its versatility. However, in this work the focus is on the development of an im-
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mobilization protocol for proteins and especially binding proteins on UNCD. Partly

because the e�ciency of the immobilization of proteins on diamond thin �lms is

rarely a topic. Di�erent immobilization strategies are evaluated and compared to

each other, the UNCD surface is modi�ed to accommodate certain coupling mech-

anisms and nanostructured to increase the accessible surface area. The e�ect of

these alterations on the immobilization e�ciency is investigated. Furthermore, the

binding proteins are tested against a target and the e�ect of immobilization on the

capture performance is evaluated as well. This work aims to be a foundation for the

development of a UNCD-based biosensor for time-resolved molecule detection.

58



3 Methods

In this section all methods and procedures that were utilized to produce and char-

acterize the samples used in this work are presented in detail. Starting from the

deposition of ultrananocrystalline diamond �lms by MWCVD from methane and ni-

trogen gases, their nanostructuring via photolithography, electron beam deposition

and reactive-ion etching is shown. The modi�cation of the surface termination by

plasma treatment to enable functionalization with di�erent kinds of linker molecules

and subsequent immobilization of proteins like the green �uorescent protein and dif-

ferent binding proteins are also presented. Each step is controlled by characterization

methods ranging from optical observation via (�uorescence) microscopy to atomic

composition of the samples via X-ray photoelectron spectroscopy (XPS) to ensure

complete monitoring of the impact of each step and of any alteration that may arise

during the development process.

3.1 Deposition of Ultrananocrystalline Diamond Films

Prior to deposition the substrate is treated in an ultrasonic bath with a diamond seed

solution to ensure a su�ciently high nucleation density for a closed uniform surface.

As substrate usually a 3-inch silicon (100) wafer (375 µm thickness, p-type from

CrysTec GmbH, Berlin, Germany) is used. The substrate is submerged in bu�ered

hydro�uoric acid (NH4F : HF in 7 : 1 from Avantor Performance Materials, Radnor,

USA) for 35 seconds to remove the native silicon dioxide layer, rinsed in puri�ed

water and dried in nitrogen �ow. Afterwards the substrate is submerged in 80 ml

of a mixture with 3 : 1 methanol and commercial diamond seed solution ("Opal

Seeds Slurry", 4− 5 nm average particle size, 20− 30 nm average agglomerate size,

0.5 w/v% diluted in dimethyl sulfoxide (DMSO) from Adámas Nanotechnologies,

Raleigh, USA) for 30 minutes in an ultrasonic bath. Washing is done in a ultrasonic
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bath with acetone �rst and isopropyl alcohol (IPA) second for 90 seconds each, with

drying in nitrogen �ow after each step. The substrate is then introduced into the

deposition reactor as soon as possible where the chamber is purged with nitrogen

and evacuated to prevent the formation of an oxide layer.

Figure 3.1: (a) Schematic of an ASTeX-type MWCVD deposition reactor and (b)
numerical simulations of the electric �eld distribution (left) and plasma
density (right) in a reactor from Wild et al. [218]. Note the quartz
window (dark turquoise) at axial position of approximately 100 mm,
between the antenna at the top and substrate holder at the bottom
(both black). (Reprinted and modi�ed with permission from [219])

The used deposition reactor is an ASTeX-type MWCVD setup (Applied Science &

Technology, Woburn, USA) with a 2.45 GHz microwave generator (Fig. 3.1). The

water-cooled reaction chamber is evacuated for at least 12 hours, usually overnight,

to a pressure of 1× 10−3 mbar. During a period of one hour the substrate is heated

to 550 °C by inductive coils in the graphite holder with pressure rising into the

10−2 mbar range. Gases are introduced with 17 % methane as the carbon source

diluted in nitrogen and the atmosphere is ignited after the pressure is stabilized

with an excitation power of 800 W . The microwaves enter the reaction chamber

through a quartz glass on top of the reaction chamber. After ignition the pres-

sure increases to 30 mbar and is maintained for the remainder of the deposition

process. These parameters (Tab. 3.1) were constant for all samples used in this

work and only the deposition duration is changed according of what �lm thickness
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is needed. A typical duration is 5 hours which results in an UNCD layer thickness

of 1.2 µm giving an average growth rate of 4 nm · min−1. When the deposition

is �nished the heating is turned o� and the substrate is cooled under nitrogen �ow

for 1.5 hours. The substrate is stored in a PTFE container before further processing.

Parameter Value

Microwave Frequency 2.45 GHz

Microwave Power 800 W

Gases 17 % CH4

83 % N2

Substrate Temperature 550− 590 °C

Deposition Rate 4 nm ·min−1

Table 3.1: Parameters for UNCD deposition

UNCD �lms grown with these parameters and in this device were meticulously char-

acterized in previous studies (Fig. 3.2). Images from scanning electron microscopy

(SEM) and atomic force microscopy (AFM) show that the surface is dominated by

rounded features with sizes of 100 nm giving a smooth surface compared to other

diamond �lms with a root mean square (RMS) roughness of around 12 nm. With

transmission electron microscopy (TEM) the size of the diamond crystallites were

determined with 3 − 5 nm and a grain boundary width of 1 − 1.5 nm [220]. The

bonding structure is revealed by electron energy loss spectroscopy (EELS) which

showed that the diamond crystallites are isolated and surrounded by an amorphous

carbon matrix. With X-ray photoelectron spectroscopy (XPS), Raman spectroscopy

and Fourier transform infrared spectroscopy (FTIR) the composition of the �lm was

studied. The ratio between amorphous and crystalline phase is close to unity with

the amorphous phase containing 10 − 15 % sp2 hybridized carbon [221]. Oxygen

and nitrogen content is low around 1 at.% in the bulk, despite the �lm being grown

in nitrogen rich atmosphere. The surface di�ers from the bulk with oxygen content

increasing to 4 at.%. This trend is also shown for the hydrogen content in the �lm

revealed by nuclear reaction analysis (NRA) showing 7.5 at.% hydrogen in the bulk
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and 14 at.% at the surface with nearly linear increase from 100 nm �lm depth to

the surface. This proofs the typical hydrogen termination after deposition of CVD

diamond �lms [222].

Figure 3.2: Experimental data from UNCD �lms grown in the device used for this
work. (a) SEM micrograph of an as-grown UNCD surface and (b) the
topography recorded by AFM of the same surface. (c) TEM images of the
surface with diamond crystallite (bright area), in the bottom right image
(D) an EELS overlay emphasizes the diamond (red) and surrounding
amorphous carbon (green). (Reprinted and modi�ed with permission
from [223] (a), (b) and [224] (c))

3.2 Alterations of the UNCD Surface

In this section the methods used for modi�cation (tailoring of the surface termina-

tion) and structuring (removal and/or deposition of material to change the topog-

raphy) are presented.

3.2.1 Modi�cation

Modi�cation of UNCD �lms is achieved with highly reactive species formed in plasma

(radicals) or by photochemical reaction (ozone), which are necessary to alter the in-

ert as-grown hydrogen terminated surfaces. In consideration of the possible linker

chemistry that relies heavily on functional groups, the introduction of hydroxyl and

amino groups are of special interest. Furthermore, the introduction of hydrogen

termination is of importance since this is required for photochemical attachment of

ω-alkenes. Note that the modi�cation does not lead to complete change of all surface
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terminal groups, only the relative quantity of the desired termination increases. All

modi�cation techniques were performed at room temperature (Tab. 3.2).

Name Type Process Gas Termination

Oxygen 1 Plasma O2 �OH

Oxygen 2 Photochemical Ambient Air �OH

Hydrogen Plasma H2 �H

Ammonia 1 Plasma NH3, N2 �NH2

Ammonia 2 Plasma NH3, N2 �NH2

Fluorine Plasma CHF3 �F

Table 3.2: Summary of modi�cation strategies. (Details: Appendix, Table 6.1)

Oxygen modi�cation is done by placing the UNCD samples in a plasma asher

type 200-G (PVA TePla AG, Wettenberg, Germany). The oxygen plasma is ignited

at a pressure of 0.7 mbar by microwave radiation with a power of 150 W . Treatment

duration is two minutes. As an alternative, oxygen termination can be achieved by

reaction of ozone with the surface. The samples are placed in an enclosed metal

dome under a ultraviolet (UV) lamp (λ = 185− 579 nm, intensity 7.5 mW · cm−2 @
1 inch (2.54 cm), lamp area 10× 10 cm2 from BHK Inc., Ontario, USA), operating

with a power of 600 W for 10 minutes. The trapped air at ambient pressure in the

metal dome is irradiated with short-wavelength UV radiation, which induces the

fragmentation of oxygen molecules (O2) into two oxygen atoms (O•) that quickly

react with another oxygen molecule to form ozone (O3). The ozone molecule is

highly reactive and is able to alter the diamond surface. The possible reactions

behind the ozone generation are more complex but not of interest here. It should be

mentioned that the process is related to the formation of the ozone layer in the earth

atmosphere by irradiation from the sun, also known as the Chapman cycle [225].

Both modi�cation strategies with oxygen yield hydroxyl groups on the UNCD sur-

face, but other forms of bonded oxygen are also present like ketones (C��O) or ether

bridges (C�O�C).
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Hydrogen modi�cation is carried out in an inductively-coupled plasma - reactive

ion etching (ICP-RIE) setup Plasmalab 100 (Oxford Instruments, Abington, GB). A

hydrogen plasma is ignited by rf power of 200 W . The pressure is 10 mTorr and the

gas �ow 20 sccm. Duration of the treatment is 2 minutes. Hydrogen modi�cation

is necessary for example after structuring, which renders the surface usually oxygen

terminated when oxygen plasma is used for etching.

The modi�cation with ammonia plasma is done to yield amino groups on the

surface. For this purpose, a self-built inductively-coupled plasma (ICP) setup, driven

by a 13.56 MHz rf generator, is used. UNCD samples are placed on the substrate

holder and the reaction chamber is evacuated for one hour. Ammonia with a �ow of

5 sccm and nitrogen with a �ow of 100 sccm are introduced with pressure stabilizing

at 4× 10−2 mbar. The plasma is ignited with a power of 150 W and the treatment

duration is �ve minutes. As alternative a plasma enhanced chemical vapor deposition

(PECVD) setup Plasmalab 80 (Oxford Instruments, Abington, GB) can be used.

The gases are introduced with 5 sccm ammonia and 100 sccm nitrogen and ignited

with a power of 250 W for a treatment duration of �ve minutes. The plasma source

here is a 13.56 MHz capacitively-coupled plasma (CCP).

Modi�cation with �uorine is achieved with an inductively-coupled plasma -

reactive-ion etching (ICP-RIE) setup Plasmalab 100 (Oxford Instruments, Abing-

ton, GB). The ICP source is not used during the modi�cation, only the rf source.

As process gas tri�uoromethane (CHF3) is used with a gas �ow of 25 sccm, pressure

of 25 mTorr and 50 W rf power. The treatment duration is 30 seconds.

3.2.2 Structuring

Surface structuring of UNCD is realized by de�ning the structure via photolithog-

raphy, deposition of a hardmask, dry etching of the UNCD surface and subsequent

removal of the hardmask by wet etching.

Photolithography is a common process for structuring of microelectronic compo-

nents like integrated circuits in the micrometer range. It is based on the transfer

of a geometric pattern from a mask, that casts a shadow onto the substrate when

irradiated with light into an intermediate medium which is called resist. The resist

is a photosensitive polymer, that either becomes more or less soluble in a certain

developer solution after exposure to ultraviolet light of a particular threshold wave-
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length. A typical mechanism for a negative resist is for example the photo-induced

polymerization, where small molecules cross-link to form large polymer chains with

the irradiated, developed area becoming e�ectively less soluble in the developer. For

a positive resist a common mechanism is the photo-induced generation of an acid,

which triggers a reaction that increases the solubility of the resist in the developer,

for example by removing a protective group. Therefore, the terms negative and

positive in this context are related to the resist structure remaining on the substrate

after development, where the soluble parts of the resist are removed, which is either

the negative or positive image of the mask structure. Such a mask is usually made

from quartz glass with high transmission in the ultraviolet range of the spectrum

and is coated on one side with electron beam lithography structured chromium.

Especially negative resists are interesting since the resulting resist structure shows

a pronounced undercut (Fig. 3.3). This enables lift-o� processes, where deposited

material (e.g. Au, Ti, SiO2, etc.) on the developed resist is not connected to the

material deposited on the substrate directly. With a stronger solvent, which is capa-

ble to dissolve the developed resist, this material can be removed and the deposited

material on the substrate is structured this way.

Figure 3.3: Depiction of positive (left) and negative (right) resist and the resulting
resist structure. The chromium (black) is structured on the quartz glass
(light blue) and block areas from light (black arrows). The resist (light
red) changes its solubility in the developer solution with only parts of
the resist remaining (red). Note the undercut of the remaining side-
walls in case of the negative resist. (Taken from commons.wikimedia.org
(27.03.2021), Creative Commons license: CC BY-SA 3.0)

Prior to photolithography the sample is usually cleaned with acetone and IPA in an

ultrasonic bath for 2 minutes each to remove any impurities from the surface. The
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sample is then placed on a hotplate set at 120 °C to heat the sample for 10 minutes,

which removes the absorbed water �lm. Afterwards the sample is placed in a spin

coater and �xed by vacuum suction. The spin coater ensures an evenly distributed

and uniformly thick coating of the sample. An adhesion promoter, Ti Prime (titan

containing adhesion promoter from Microchemicals GmbH, Ulm, Germany), is ap-

plied and spin coated. The resist is applied immediately afterwards and spin coated

with the same parameters (Tab. 3.3). Said parameters are set for the used resist and

its viscosity which is dependent on the dilution. In this work mostly the negative

resist AZ nLof 2070 and the positive resist AZ 1518 are used (both phenolic resin-

based resists from Microchemicals GmbH, Ulm, Germany). The diluent for these

resists is AZ EBR (1-methoxy-2-propanol acetate from Microchemicals GmbH, Ulm,

Germany) with a typical resist-to-diluent mixing ratio of 5:1 or 4:3. After spin coat-

ing the sample is placed on the hotplate again for the so-called pre(exposure)bake,

which removes diluent remnants (the duration depends on the dilution).

Resist AZ nLof 2070 5:1 AZ nLof 2070 4:3 AZ 1518

Type Negative Negative Positive

Spin Coating 3000 rpm 6000 rpm 4000 rpm

Exposure 14.5 s 14.5 s 6.6 s

Soft Contact Hard Contact Hard Contact

Film Thickness ≈ 3.5 µm ≈ 1 µm ≈ 1.8 µm

Table 3.3: Summary of the used photoresists. (Details: Appendix, Table 6.2)

Photolithography is carried out with a maskaligner type MA-4 (Süss MicroTec AG,

Garching, Germany). The sample is placed on an adjustable holder and �xed by

vacuum suction. For the alignment process the sample is lifted close to the previ-

ously installed mask (100 µm gap) and can be adjusted with micrometer precision.

When the alignment is �nished, the sample is brought into contact with the mask.

This can be executed with di�erent modes, called hard or soft contact mode. In soft

contact mode the sample is simply lifted to the mask with no additional pressure

after the contact is established. In hard contact mode a positive nitrogen pressure

is applied to actively press the substrate against the mask. Hard contact allows a
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resolution of 1 µm feature sizes, while soft contact is less precise with a resolution

of 2 µm. In the following, the sample is exposed to UV light, which is done in the

constant intensity (CI) mode, where the power is automatically adjusted to ensure a

certain light intensity over the whole exposure process. The duration of the exposure

depends again on the used resist, its dilution and application. After exposure the

sample is placed on the hotplate once more for the so-called post(exposure)bake.

This step is essential for the progression of the cross-linking mechanism of nega-

tive resists, which was induced by the exposure process. For positive resists this

step is not necessary, but can be bene�cial to relief mechanical stress in the resist

�lm. With the postbake �nished the sample is submerged in alkaline developer

solution AZ 826/2026 MIF (2.38 % tetramethylammonium hydroxide in H2O from

Microchemicals GmbH, Ulm, Germany) for a certain duration depending on the

used resist. The developer dissolves the soluble parts of the resist and the develop-

ment process is stopped by submerging the sample in H2O. Note that AZ 826 MIF

stopped production in January 2021 and was replaced by AZ 2026 MIF. No changes

in the process were necessary since performance of the replacement is identical. Af-

ter drying under nitrogen �ow the sample is stored for further processing.

Deposition of material is realized by electron beam physical vapor deposition

(EBPVD). The to-be deposited material is stored in crucibles and heated by elec-

tron bombardment. With a quartz crystal microbalance (QCM) the deposition rate

and amount of deposited material (and therefore the �lm thickness) are monitored

and controlled. The crystal oscillates at a certain frequency (6 − 5.3 MHz) that

is dependent on its mass. With material deposited the frequency changes and this

feedback controls the power which is applied to the electron source. If the adjusted

deposition rate is reached and stable, the deposition controller opens the shutter

until the wanted �lm thickness is reached. The deposition takes place at pressures

in the 10−7 mbar range. Two setups are available with a di�erent composition

of loaded materials to choose from: a BAK 600 (Oerlikon Balzers Ltd., Balzers,

Liechtenstein) loaded with Ni, Ti, Pt and Au (optionally Ge, SiO2), and a PLS 500

(Pfei�er Vacuum Technology AG, Aÿlar, Germany) loaded with Ni, Ti, Cr and Al

(optionally Ag, Al2O3).
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Rapid thermal annealing (RTA) is employed to induce dewetting of thin metal

�lms. It utilizes the well-known nanoscale e�ect of melting point depression if a

material is reduced in size in at least one dimension. In the current work it is used

for two purposes: the creation of uniform silver nanoparticles and the creation of an

irregular nanosized micromask that acts as a hardmask for dry etching to increase

the surface area. For both purposes the same RTA treatment regime is used, only

the type of metal and the thickness of the layer varied. RTA system RTP-600xp

(temperature range of 250 − 1300 °C, ramp rate of 0 − 150 °C · s−1, temperature

accuracy ±2 °C from Modular Process Technology Corp., San Jose, USA) is used.

The treatment regime can be found in the appendix (Tab. 6.3).

Dry etching is the easiest and most economical way to etch diamond. Like it is the

case in wet etching, where the material reacts with a reactive liquid to yield a soluble

product, dry etching uses reactive gaseous species to yield a volatile product. This

can be realized in two ways called chemical and physical etching. Chemical etching

is the material removal by reaction of highly reactive neutral species (radicals) with

the surface to form a volatile compound. This limits the application of a certain

plasma to etch a particular material. For example, silicon cannot be etched with

oxygen plasma since all silicon oxides (SiO, SiO2) are not gaseous but solids. Silicon

dry etching requires other reactive plasma species like �uorine radicals, formed from

�uorine (F2) or �uorine containing precursors like tri�uorormethane (CHF3) or sul-

fur hexa�uoride (SF6), with the volatile product tetra�uorosilane (SiF4). Diamond,

made solely from carbon, can be etched with �uorine and oxygen (volatile products:

tetra�uoromethane (CF4) and carbon oxides (CO, CO2)). In this work however, di-

amond �lms are etched with oxygen only because �uorine renders the surface inert

to modi�cation attempts, which hinders further processing. The second dry etch-

ing mechanism is physical etching. No chemical reaction occurs and therefore the

limitation of chemical dry etching does not apply here. The mechanism is based

on the energy transfer from an accelerated charged particle to a surface atom and

resulting breakage of the covalent bond with subsequent removal of said atom from

the surface. Another common name for physical etching is sputtering with more

applications in cleaning and deposition of material. Usually, the charged particles

are formed in a plasma and accelerated with an electric �eld in a plate capacitor

(CCP setup) with one of the electrodes acting as a substrate holder. A disadvantage
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is the damage in�icted on the substrate due to the nature of the high energy ion

bombardment. The two mechanisms have distinct di�erences. Chemical etching is

highly isotropic whereas physical etching is highly anisotropic (Fig. 3.4 b). In terms

of selectivity, which is the ratio of the etch rates of two di�erent materials, chemical

etching performs superior to physical etching with very low selectivity. Additionally,

the etch rates for chemical etching are higher. With this set of properties, it is not

surprising that some dry etching devices combine both mechanisms in a technology

called reactive-ion etching (RIE). Here it is necessary to tune the parameters in a

way to balance the two mechanisms for achieving the best results for each individual

process. Moreover, the ion bombardment can be bene�cial for chemical etching due

to the creation of reactive surface sites that facilitate reactions on the surface.

Figure 3.4: (a) Schematic of an ICP-RIE setup as used in this thesis. (b) Depiction
of the etch pro�le after anisotropic, nearly anisotropic - a typical result
for ICP-RIE - and isotropic etching of a deposited material �lm (blue)
on a substrate (grey), etched through a hardmask (red). ((a) taken from
plasma.oxinst.com/technology/icp-etching (27.03.2021))

In this work, two ICP-RIE Plasmalab 100 setups (Oxford Instruments, Abington,

GB) are used (Fig. 3.4 (a)). In these setups ICP and CCP are combined and

decoupled. This means that the plasma density and ion energy can be tuned inde-

pendently by either increasing the ICP or the CCP power. The ICP source yields a
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signi�cantly higher plasma density than CCP. With increasing the ICP power more

radicals and ions are created and thus the chemical etching is enhanced. On the

other hand, when the CCP power is increased the ions gain more energy and physi-

cal etching is pronounced. This is because increasing the CCP power, increases the

bias towards the substrate accordingly. An additional important parameter is the

pressure. Lower pressure is enhancing anisotropic physical etching. The gas �ow has

to be set accordingly to provide su�cient precursors for the reactive radicals and

ions alike. The recipe for UNCD etching as well as the recipe for the mandatory

cleaning step prior to etching, can be found in the appendix (Tab. 6.4).

3.3 Biochemical Functionalization

In this section the di�erent routes for functionalization of the UNCD surfaces with

linker molecules and subsequent with proteins are presented and discussed. The

used linker molecules and proteins are also presented in detail.

3.3.1 Linker Chemistry

Four linker chemistry routes were investigated on their immobilization capabilities

with the green �uorescent protein. The routes were selected according to their ability

to create bonds between �H, �OH, �COOH and �NH2 terminated UNCD surfaces

and proteins, respectively their functional groups. Detailed information (concen-

tration, duration, temperature, washing step) about the following reactions can be

found in the appendix. Since after oxygen modi�cation the surface is not only termi-

nated with �OH groups but also with �O� and ��O groups, some oxygen modi�ed

UNCD surfaces were treated with peroxymonosulfuric acid (H2SO5, so-called Caro`s

acid), a highly oxidizing reagent for the purpose of �OH enrichment. The reagent

was freshly prepared for each run in an extremely exothermic reaction from concen-

trated sulfuric acid (H2SO4, VLSI grade from Technic Inc., Rhode Island, USA) and

30 % hydrogen peroxide (H2O2, VLSI grade from Technic Inc., Rhode Island, USA)

in a ratio of 6:5. Another possible modi�cation for oxygen modi�ed UNCD is the

termination with carboxyl groups. This is done by ring-opening reaction of

succinic anhydride (SA, C4H4O3, ≥ 98 % from Merck KGaA, Darmstadt, Germany)
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with the surface hydroxyl group (Fig. 3.5). The reaction is based on the nucleophile

attack from the terminal hydroxyl group on one of the carbonyl of succinic anhydride.

Figure 3.5: Ring-opening reaction of succinic anhydride (SA) with terminal hydroxyl
group to yield carboxyl terminated UNCD surfaces.

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide route (EDC, C8H17N3 as

hydrochloride, ≥ 99 % from Merck KGaA, Darmstadt, Germany) is a common

cross-linking routine which mediates the formation of peptide bonds between hy-

droxyl and amino groups of proteins. It is also used for functionalization of various

materials and diamond in particular [226, 227]. The reaction starts with the nucle-

ophile attack of the terminal carboxyl group on the weak electrophilic carbodiimide

carbon (usually in acidic conditions) to form an O-acylisourea intermediate (Fig.

3.6). The samples were incubated in aqueous mixtures of EDC and NHS in di�erent

concentrations and compositions.

Figure 3.6: Reaction of terminal carboxyl group with a carbodiimide (EDC) forms
an unstable O-acylisourea intermediate.

O-acylisourea is unstable and can hydrolyse in aqueous environment with relative
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ease to reestablish the carboxyl termination and release of EDC as an urea deriva-

tive. To prevent this and to increase e�ciency of the reaction, the intermediate is

reacted with N -hydroxysuccinimide (NHS, C4H5NO3, ≥ 98 % from Merck KGaA,

Darmstadt, Germany) to form a stable NHS ester that is less a�ected from hydrol-

ysis, but still allows reactions with primary amines. Lastly, the sample is incubated

in protein solution for the immobilization. The NHS ester is an activated carboxylic

acid, that is rapidly attacked by a nucleophilic amino group of the protein to form

a peptide bond and consequently immobilize the protein on the surface (Fig. 3.7).

Figure 3.7: O-acylisourea intermediate is converted via reaction with NHS to a more
stable NHS ester. Afterwards the sample is incubated in protein solution.
NHS is released in the immobilization process.

(3-Glycidyloxypropyl)trimethoxysilane route (GOPTS, C9H20O5Si, ≥ 98 %

from Sigma Aldrich, St. Louis, USA) is a frequently used linker strategy for biofunc-

tionalization of hydroxylated surfaces of glass or silicon [228, 229, 230]. The binding

to the surface is realized with a condensation reaction between the surface hydroxyl

group and the methoxy group of GOPTS with release of a methanol molecule in

the process (Fig. 3.8). The samples were incubated with pure or diluted GOPTS

(1 %(w/v) GOPTS in toluene). Note that further condensation reactions between

the remaining two methoxy groups and the surface are possible but not depicted

here. The epoxy termination is highly reactive due to the high ring tension and will

easily react with nucleophiles like amines. In a ring-opening addition reaction with

the amino group of a protein, a secondary amine and a hydroxyl group are formed

and the protein is immobilized.
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Figure 3.8: Attachment on the surface of GOPTS by condensation reaction with
methanol release and protein immobilization by ring-opening addition
of the amino group to the epoxy group.

Glutaraldehyde route (GA, C5H8O2, 25 % in H2O, from Alfa Aesar, Ward Hill,

USA). Glutaraldehyde is a symmetrical homobifunctional linker with two identical

functional groups. which is used for cross-linking and immobilization of proteins

for decades [231, 232, 233]. Various mechanisms can occur since glutaraldehyde in

aqueous solution is present in di�erent structures and di�erent states of hydration

[234]. The mechanism depicted here is the Schi� base formation after nucleophilic

addition of the surface or protein amino group on the carbonyl of non-hydrated

glutaraldehyde with elimination of a water molecule (Fig. 3.9).

Figure 3.9: Substrate functionalization and protein immobilization via subsequent
Schi� base formation with release of a water molecule.

The Schi� base is unstable in acidic conditions and the reaction could be reversed.

Treatment with a reducing agent (like NaBH4) is a common solution which leads
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to formation of a stable secondary amine. In this work however this is not necessary.

10-Tri�uoroacetamidodec-1-ene route (TFAAD, C12H20F3NO, 95 % from abcr

GmbH, Karlsruhe, Germany). TFAAD is an ω-alkene with a terminal amino group

that is protected with a tri�uoroacetic acid group. It is used for amination and

biofunctionalization of diamond surfaces [235, 236]. The proposed mechanism re-

lies on the negative electron a�nity of hydrogen terminated diamond. (Fig. 3.10)

[237, 238].

Figure 3.10: Mechanism of ω-alkene reaction with hydrogen terminated diamond.
(a) UV irradiation causes release of electrons from the surface which are
captured by alkene molecules that turn into radical anions. (b) These
radicals can abstract hydrogen from the surface, leaving an unsaturated
binding site. (c) Another alkene molecule can occupy this site.

A mixture of 2:1 TFAAD and 1-dodecene (C12H24, 95 % from from Sigma Aldrich,

St. Louis, USA) is dripped with 2 µL · cm−2 on the sample surface and spread by

placing a low-absorption quartz glass slide (transmission ≥ 90 % at λ = 254 nm

from Quantum Design GmbH, Darmstadt, Germany) on top of the surface. The

sample is placed in an airtight steel dome with constant nitrogen �ow and irradi-

ated with an ozone-free UV lamp (λ = 254 − 579 nm, intensity 7.5 mW · cm−2

@ 1 inch (2.54 cm), lamp area 10 × 10 cm2 from BHK Inc., Ontario, USA). The

tri�uoroacetic acid protection group is removed with a solution of 65 mM sodium

borohydride (NaBH4) in methanol (CH4O, ≥ 99.9 % from Carl Roth GmbH + Co.

KG, Karlsruhe, Germany) as tri�uoroethyl alcohol (TFE) making the amino group

accessible for further reactions (Fig. 3.11).
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Figure 3.11: Attachment of ω-alkene on UNCD and deprotection of the amino group.

Glutaraldehyde is used as linker again and attached by reaction of the sample with

a solution of 3 % glutaraldehyde in cyanoborohydride coupling bu�er (CCB, pH 7.5,

3 g · L−1 NaBH3CN, 0.2 M NaCl, 0.02 M Na3PO4 from Sigma Aldrich, St. Louis,

USA). Afterwards the sample is incubated with protein solution for immobilization

which is realized again via Schi� base formation (Fig. 3.12).

Figure 3.12: Attachment of glutaraldehyde as linker and protein immobilization.

3.3.2 Proteins

A total of four proteins were subjected to immobilization strategies. The green �u-

orescent protein was used for initial immobilization studies and later on as target

for binding proteins. The key feature of GFP is of course its �uorescence, so there

is no need for a more complex method to detect the immobilization or capture by

binding proteins. The remaining proteins were binding proteins of GFP. Besides
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the classical antibody, two arti�cial binding proteins were studied: a nanobody and

a design ankyrin repeat protein. Additionally the bouvine serum albumin (BSA,

heat shock fraction, pH 5.2, ≥ 96 % from Sigma Aldrich, St. Louis, USA) and

casein (milk powder, blotting grade from Carl Roth GmbH + Co. KG, Karlsruhe,

Germany) were used as blocker proteins to saturate unoccupied binding sites.

Green Fluorescent Protein (GFP, recombinant protein variant GFPmut2 [239],

λabsorption = 481 nm and λemission = 507 nm, 2.8 mg ·mL−1, stored in PBS pH 7.3,

prepared by Department of Biochemistry, University of Kassel). GFP is a �uores-

cent protein with 238 amino acids (aa) and a mass of 26.9 kDa that was found

in the jelly�sh Aequorea victoria. The protein was isolated �rst in 1962 and the

DNA sequence was revealed in 1992 [240, 241]. It was shown that GFP can be

expressed in other organisms (pro- and eucaryotic) with relative ease and that the

functionality of the protein is not dependent on species-speci�c factors [242]. Con-

sequently, GFP quickly became a standard method in microbiology as a marker

for gene expression or protein localization and the discovery was awarded with the

Nobel Prize in chemistry in 2008. In Aequorea victoria, GFP is excited by another

photoprotein called aequorin, that is activated by interacting with calcium ions. The

energy is transferred from aequorin via Förster resonance energy transfer (FRET)

to GFP, which emits green light. In scienti�c use GFP is almost exclusively ex-

cited optically. In 1996 the crystal structure was revealed and showed that the

�uorophore is part of an α-helix that is buried within a β-barrel structure made

from 11 β-sheets [243] (Fig. 3.13 a). Inside this condensed structure the �uorophore

is protected from quenching by solvent molecules. The �uorophore structure is 4-

(p-hydroxybenzylidene)imidazolidin-5-one (HBI) and is created post-translationally

during the maturation process of the protein (Fig. 3.13 b). Three amino acids � ser-

ine (one-letter code S, aa sequence number 65), tyrosine (T, 66) and glycine (G, 67)

� autocatalytically form HBI by cyclization (carbonyl of serine reacts with amine of

glycin with release of a water molecule) and following dehydrogenation with carbon-

carbon double bond formation (this creates an optically active π-system). Wild-type

GFP has two absorption maxima, a major one at a wavelength of 395 nm and a

minor one at 475 nm with emission peaking at 509 nm. However, in this work a

mutated version of GFP is used with three changes in the amino acid sequence that

greatly in�uence the spectral pro�le of the protein. Serine on sequence number 65
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(part of the �uorophore structure) is exchanged with alanine (notation S65A), valine

on 68 is exchanged with leucine (V68L) and serine on 72 is exchanged again with

alanine (S72A). With these changes the absorption is red-shifted by nearly 100 nm

with a single absorption maximum at 481 nm whereas the emission is hardly a�ected

with a maximum at 507 nm (Fig. 3.13 c). This mutation called GFPmut2 shows an

increased folding e�ciency when expressed in E. coli and the �uorescence intensity

is increased 100-fold in comparison to the wild-type GFP [239]. Additionally, the

used GFP has a 6×His-tag.

Figure 3.13: (a) Ribbon diagram of the GFP structure with HBI �uorophore
buried in the β-barrel (side and top view). (b) Structure of the
HBI �uorophore. (c) Absorption (blue) and emission (green) spec-
tra for wild-type GFP (wtGFP, top) and the used mutation variant
(GFPmut2, bottom). (Images and data for spectra taken from fp-
base.org/protein/avgfp/ (11.04.2021))
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Antibody (monoclonal anti-GFP IgG from mouse (clone no. 454505), 200 µL,

0.5 mg ·mL−1, reconstituted in sterile PBS from Bio-Techne, Minneapolis, USA).

Antibodies, or immunoglobulins (Ig), are proteins that bind antigens (in this case

GFP) with high speci�city, either in secretory form (in body �uids like saliva or

blood) or membrane-bound (e.g. B cell receptor). They are a crucial part of the

adaptive immune response of all animals to defend the body from intruding foreign

entities like bacteria, viruses and others. The idea of a substance in the body that is

responsible for immunity against certain diseases was coined in 1890 when Behring

and Kitasato reported the transfer of immunity between two organisms by injecting

a mouse with the blood serum of an immune rabbit [244]. In 1948, Fagraeus could

show that antibodies are produced by plasma cells, which are formed by cellular

di�erentiation from activated B lymphocytes that were in contact with the antigen

[245]. The chemical structure of the antibody was revealed in the 1960s by indepen-

dent research of Edelman and Porter, who were awarded with the Nobel Prize in

physiology or medicine in 1972 [246, 247]. Typical mammalian antibodies consist of

four amino acid chains (tetrameric quaternary structure), two identical heavy chains

and two light chains, that are connected by disul�de bridges roughly forming a Y

shape. There are �ve main isotypes, three are monomers (IgD, IgE, IgG), one dimer

(IgA) and one pentamer (IgM). Furthermore the isotypes can be further divided

into subtypes distinguished by structural features [248].

In this work IgG is used. IgG is the most abundant secretory antibody, with high

antigen speci�city and frequently used for biotechnological applications. The heavy

chains have roughly a mass of 50 kDa and the light chains of 25 kDa, giving a total

mass of approx. 150 kDa. Functionally, the antibody can be divided into a con-

stant part, that is conserved for all IgG and the variable part with two paratopes

(antigen-binding sites), that are unique for each antigen (Lock-and-Key model of

the speci�c antigen-antibody bonding). The light chain consists of a variable do-

main (VL) and a constant domain (CL) and the heavy chain of a variable domain

(VH) and three constant domains (CH1, CH2 and CH3) (Fig. 3.14). Therefore,

the paratopes are made from the variable domains of the light and heavy chains

(top of the Y shaped antibody), with each domain showing three highly adaptable

(length and sequence) antigen-binding loops or complementary-determining regions

(CDR1, CDR2 and CDR3), which are the parts of the antibody that are in direct
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contact with the antigen. The CDRs are separated by relative invariable so-called

framework regions. The stem of the Y shaped antibody is made from heavy chain

constant domains only and interacts with other components of the immune system

as an e�ector. For example, receptors on phagocytes recognize the stem of the an-

tibody bound to a virus, triggering phagocytosis to neutralize the virus [249].

Figure 3.14: (a) Schematic of an IgG antibody. Heavy chains are connected to each
other by two disul�de bridges and light chains are connected to heavy
chains by a single disul�de bridge. (b) Ribbon diagram of a mammal
IgG structure. Color codes of the domains: CH1− CH3 in blue, CL in
dark brown, VL in light brown and VH in turquoise. ((b) reprinted with
permission from [249])

The counterparts of an antibody paratope are the epitopes of the antigen, which

can be numerous. These are structural features on the antigen surface like sugar

moieties or membrane proteins, where antibodies are able to bind to. During an

infection the a�nity of a paratope to an epitope increases with time in a process

called a�nity maturation, as the binding e�ciency of the CDRs improves with each

new generation of antibodies due to complex mutation and selection mechanisms.

Commercially, either polyclonal or monoclonal antibodies are available. Polyclonal

antibodies are produced in animals that are exposed to the antigen. After immu-

nity is obtained, the antibodies are harvested and puri�ed from body �uids and

tissue. Those antibodies originate from di�erent B lymphocytes and are therefore

directed against di�erent epitopes. Furthermore, the antibodies against a certain
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antigen obtained from a certain animal are unique and antibodies against the same

antigen, but from another animal of the same species, can still di�er in structure

and a�nity. Therefore, for our purpose monoclonal antibodies where chosen. Those

originate from a single B lymphocyte clone and are produced either by hybridoma

technique or by genetic engineering methods. The obtained monoclonal antibodies

have identical properties and are speci�c against a single epitope, which makes them

predictable and the prime choice for sensing applications [250].

Nanobody (recombinant anti-GFP nanobody from alpaca, 250 µL, 1 mg ·mL−1,
stored in 25 mM TAPS pH 8.5, 500 mM NaCl, 5 mM EDTA, 0.09 % NaN3 from

Chromotek, Planegg-Martinsried, Germany). Nanobodies, or single domain an-

tibodies (sdAb), are fragments of antibodies. In detail, nanobodies are arti�cial

binding proteins derived from antibodies that were stripped from everything that

is not necessary for binding, in principle everything except the variable domains

of the antibody. Ward et al. created nanobodies from conventional anti-lysozyme

antibodies in 1989 by expressing only the VH domain in E. coli and investigating

their binding activities [251]. It was shown that the isolated VH domain is still able

to bind antigens, but also that the a�nity is decreased. This can be explained be-

cause only part of the original paratope is used (only three instead of six CDRs)

with the binding showing less stability compared to conventional antibody-antigen

bonding. A major development for nanobodies was the discovery of heavy chain an-

tibodies (hcAb), which some animals produce beside conventional antibodies (Fig.

3.15 a). As the name suggest those are antibodies made from two heavy chains

only, that were found �rst in dromedaries in 1993 by Hamers et al., later on in other

members of the camelidae family (camel, llama, alpaca) and in 1995 also in sharks

[252, 253]. The advantage is here at hand, in hcAb the paratope is situated on the

single variable domain of the heavy chain (VHH in camelidae). Therefore, isolated

VHH should be less a�ected in their binding e�ciency, which is actually the case as

VHH nanobodies show a comparable a�nity and speci�city to their target antigens

as conventional antibodies do [254]. Note that the paratope of the VHH nanobody

consists of three CDRs, but still manages to capture the antigen just as good as

an conventional antibody with six CDRs. This indicates that the binding mecha-

nism is di�erent. In comparative crystal structure studies of the antibody-antigen

complexes formed between the enzyme lysozyme as antigen and on one hand a con-
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ventional antibody (from mouse) and on the other hand a nanobody (VHH from

camel) this was con�rmed [255, 256]. Whereas the antibody forms a more concave

paratope with a relative �at interaction surface, the nanobody shows a rather con-

vex paratope with a long evagination that penetrates the reaction cleft, rendering

the lysozyme without function in the process (Fig. 3.15 c).

Figure 3.15: (a) Schematic of a heavy chain antibody from camelidae. The red circle
marks the sole variable domain, that is isolated to create a single do-
main antibody (sdAb). (b) Chart of the di�erent regions in the variable
domain (VHH). Color codes of the domains: CDR1 in red, CDR2 in
green, CDR3 in blue and the framework regions (FR1−FR4) in grey.
The disul�de bridges are marked in yellow, with below the chart the
canonical bond and on top the additional bonds to stabilize CDR3 in
VHH (llama: FR2 to CDR3, camel: CDR1 to CDR3). (c) Crystal
structure of the antibody-antigen complexes of a sdAb (left) and a con-
ventional antibody (cAb, right, only VH and VL shown) with lysozyme.
Note the intruding CDR3 loop in blue that block the reaction cleft.
((b) and (c) reprinted with permission from [256])

The most distinct di�erences between the paratopes were found in the antigen-

binding loop CDR3, which is 24 amino acids long compared to only seven amino

acids in the antibody. Furthermore, both antibody and nanobody have an internal

canonical disul�de bond that stabilizes the domain, but the nanobody has an addi-

tional disul�de bond directly stabilizing the protruding CDR3 region (Fig. 3.15 b).
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Comparing nanobodies derived from conventional and from hcAb it was shown that

the hcAb nanobody requires less rearrangement of the framework region, indicating

that hcAbs are more suitable as basis for nanobodies [257]. This is corroborated

by the hydrophobic nature of the variable domains in conventional antibodies with

derived nanobodies being more hydrophobic and less soluble in aqueous conditions

compared to nanobodies from hcAbs, that have more hydrophilic motifs [256].

To sum up, nanobodies have a comparable a�nity and speci�city like antibodies

but additionally they show some intriguing advantages, that are more or less related

to their smaller size. Nanobodies have a mass of typically 15 kDa, 10 times lighter

and smaller than antibodies (IgG), which comes with an increased stability against

alkaline or acidic conditions and temperature changes. Furthermore, nanobodies

lack easily accessible interchain disul�de bridges that are vulnerable to reducing

agents like antibodies have. This set of properties in addition to the ability to link

nanobodies with relative ease to other proteins make nanobodies an interesting alter-

native to antibodies in therapeutics and biotechnological applications. Nanobodies

are typically created by isolation of the hcAb from immune animals, encoding of

the nanobody mRNA with creation of a library, selection via display techniques

(optional engineering to improve certain characteristics) and �nally, production in

host systems like E. coli.

Designed Ankyrin Repeat Protein (DARPin, recombinant anti-GFP DARPin

3G86.32 prepared like [258], 1 mL, 3.51 mg ·mL−1, stored in PBS-TB from Biozen-

trum - University of Basel, Basel, Switzerland). DARPins are binding proteins

derived from the ankyrin repeat protein family. Whereas nanobodies can be viewed

as semi-synthetic, since the a�nity and speci�city to the antigen are acquired by

natural selection mechanism in a host organism, DARPins are fully synthetic pro-

teins. Ankyrin repeat proteins occur in all mammals, in intra- and extracellular

space, as well as in membrane bound form as anchor membrane proteins to the

cytoskeleton. This diversity is a hint that AR proteins can adapt to a broad range

of environments, which was a driving factor for Plückthun et al. in 2003 to choose

these proteins as a sca�old for their arti�cial binding proteins [259]. The repeat unit

(AR) is made from 33 amino acids, forming a β-turn, followed by two antiparallel

α-helices and a loop. In most AR proteins four to six AR units form domains with
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a hydrophobic core, but larger domains (12 ARs) were also reported. Several of

those domains can make up an AR protein that is capped with specialized N- and

C-terminal AR units to shield the hydrophobic core. Interaction sites of the AR

units were identi�ed via crystal structure analysis of binding complexes predomi-

nantly in the β-turn and the �rst α-helix, with aa position of 2, 3, 5, 13, 14 and

33. For the synthesis of DARPins, libraries were created and only these positions

were permitted to contain any aa except glycine, proline and cysteine (the former

two are structurally unfavorable and the latter one is unwanted to avoid formation

of disul�de bridges). Additionally, aa position 26 was ambiguous in the structural

analysis and only histidine, tyrosine and asparagine were allowed. With the seven

positions randomly �lled according to the set limitations, a theoretical diversity of

7.2× 107 possible combination per AR unit is given. A DARPin with two (denoted

as N2C library) or three (N3C library) AR units would have a diversity of 5.2×1015

or 3.8 × 1023, respectively [260]. The selection is accomplished by display methods

(one or more additional library rounds can be conducted to evolve the DARPin to

higher a�nity) and biopanning. Mass production is carried out in host systems.

Figure 3.16: (a) Amino acid sequence (one-letter code) of the C-terminal AR unit,
designed AR unit and N-terminal AR unit. The positions with red x
were randomly �lled with any proteinogenic aa except glycine, proline
and cysteine. z marks aa position 26, where only histidine, tyrosine and
asparagine were allowed. (b) Ribbon presentation of a DARPin with 3
designed AR units (blue ribbons) derived from the N3C library. The
interaction residues of the designed AR units are depicted in red. C-
and N- terminal ribbons are green and cyan, respectively. (Reprinted
with permission from [260])
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The interaction site of DARPins is described as more concave and rigid, which

may limit its application to certain epitopes like clefts. For this purpose, structural

changes were made and a loop was added with great success, without changing the

original AR design (so-called LoopDARPins) [261]. One example of the versatility of

DARPins can be given by the creation of DARPins to recognize either the inactive,

non-phosphorylated extracellular-signal regulated kinase 2 (ERK2) or the activated,

doubly phosphorylated p-ERK2. Both DARPins essentially bind the same region,

the activation loop, but can distinguish the change in protein conformation caused

by the additional two phosphoryl groups [262]. DARPins are a versatile tool and

have the same advantages and possible applications as nanobodies. The size is also

comparable to nanobodies with molecular weights of around 14 − 18 kDa. But

they seem to be even more �exible than nanobodies with full control over the whole

production process, starting from protein structure, the amino acid composition

and a�nity evolution. The DARPin 3G86.32 was created in a study that used the

same libraries mentioned above, N2C and N3C. After four ribosome display rounds

from 192 clones, 3G86.32 was one of the selected for high a�nity to wild-type GFP,

superfolded GFP (a GFP variant with 10 di�erent aa in comparison to wild-type

GFP) and other GFP variants (enhanced GFP and YFP). However, no binding

was observed against the �uorescent protein mCherry, showing the high speci�city

to GFP and its derivatives. 3G86.32 was cloned from the N3C library, hence the

�rst number, and has therefore three designed AR units and an apparent molecular

weight of 16.7 kDa. The G marks its use as a GFP binder, 86 is the serial number

of the 192 tested clones and 32 marks it as being a double transformant [258].

3.4 Characterization Methods

Various methods and devices are presented which were used for monitoring of the

process between each step as well as success control of the �nished sample.

3.4.1 Imaging of UNCD Surfaces

Optical microscopy is carried out with two di�erent microscopes. Mostly for fast

and quick control during lithography and hardmask deposition a classical microscope

type DMR (from Leica Microsystems GmbH, Wetzlar, Germany) is used, capable of
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re�ected and transmitted light operation as well as dark and light �eld microscopy.

Ocular lens magni�cation of 10× and object lens magni�cation of 5×, 10×, 20×,
50× and 100× are available. Lighting is done with a 100 W halogen lamp. However,

images taken from samples that are presented in this work are primarily taken with

the confocal laser scanning microscope type VK-X1000 (from Keyence Corporation,

Osaka, Japan) with automatic table control. Ocular lens magni�cation of 10× and

object lens magni�cation of 5×, 10×, 20×, 50× and 150× are available. Normal

images are taken in re�ected light operation by illumination with white light. Two

light sources can be combined or operated independently of each other, which are

on one hand a halogen lamp with light passing through the objective lens and on

the other hand a LED ring around the lens (the latter is only available for the mag-

ni�cations 5× and 10×). A 3D image can be taken by laser scanning the surface in

addition to a normal image, allowing surface roughness and height pro�le (z-axis)

measurements in the nanometer range. There are two lasers available with a red

661 nm and a violet 404 nm laser diode. Another mode to get height information

is by focus variation, where the focus is varied from the lowest part of the sample

surface to the highest part of the sample, whereby the resolution in the z-axis is

lower than in laser scanning mode.

Scanning electron microscopy (SEM) is used to investigate the samples beyond

the Abbe limit of di�raction for optical imaging system operating with visible light,

to resolve surface features with sizes below 1 µm. The used device is a type S-4000

SEM (from Hitachi Ltd., Tokyo, Japan), operated in secondary electron detection

mode with an acceleration voltage of 10 kV , if not stated otherwise. SEM uses

highly energetic electrons to scan the sample surface (must be conductive for a good

resolution) and detects the electrons coming from the surface to generate an image.

Primary electrons are generated via thermionic or �eld emission in high vacuum

conditions with acceleration voltages between 5 − 30 kV and are passed through

a system of magnetic lenses and apertures to converge the beam. With electro-

magnetic scanning coils the beam is de�ected in x- and y-directions to scan the

sample surface in a rectangular raster pattern (Fig. 3.17 a) [263]. The incident pri-

mary electron beam is interacting with the surface depending on the electron energy.

The higher the electron energy, the larger the teardrop-shaped interaction volume is.
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Figure 3.17: (a) Schematic of a typical SEM. (b) Possible interactions of primary
beam electrons in a sample. Higher electron energy causes a larger
interaction volume and more possible interactions (in brackets is the
approx. penetration depth). The most relevant interactions for SEM
are marked with squares. (Reprinted and modi�ed with permission
from [263])

Low energy electrons of the primary beam can generate secondary electrons (SE) by

inelastic scattering, which is especially useful for surface topography measurements.

Only SE generated close to the surface are detected, SE from deeper in the sample

barely reach the surface. Detection of SE is usually done with an Everhart-Thornley

detector (a combination of scintillator and photomultiplier), placed parallel to the

primary beam axis and lateral to the sample. The second kind of electrons that

can be detected are backscattered electrons (BSE) created by elastic scattering of

primary beam electrons in the atomic shell. BSE have higher energies than SE and

are detected typically with a Robinson detector, which is also a combination of scin-

tillator and photomultiplier, but the primary beam is passed through a hole in the

detector that is perpendicular to the beam axis and above the sample. The genera-

tion of BSE is highly dependent on the atomic number, since scattering events are

more likely to happen with larger atoms. This creates a contrast di�erence for dif-

ferent materials that is used to investigate the composition of a sample. Even more

energetic electrons are able to interact with the inner shell electrons of the sample

atoms. If an inner shell electron is knocked out of the atom and is replaced with

an electron from an outer shell, the excess energy is released by emitting a photon.

The photon energy (X-ray region) is characteristic for the replacing electron and

consequently for the element. Therefore, characteristic X-rays are used by energy
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dispersive X-ray spectroscopy (EDX) to determine the elemental composition of the

sample [263]. More interactions are possible, but they play a minor role in SEM

technology (Fig. 3.17 b).

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM)

that is capable of atomic resolution. For this work, an AFM type DualScope 95

(from DME Nanotechnologie GmbH, Braunschweig, Germany) is used, operated in

tapping mode. The information that is used to create an image of the surface is

gathered by a probe tip that interacts with the sample surface at short-range. When

the tip is brought close to the surface, the tip is attracted by Van der Waals forces

and if the tip is brought even closer to the surface a repellent force occurs, which

is caused by the Pauli exclusion principle. The relation between the potential en-

ergy and the distance between the tip and the surface can be approximated with

the Lennard-Jones potential VLJ ∝ r−12 − r−6, with the �rst term describing the

repellent force and the second term the attractive force (Fig. 3.18 a) [264]. The tip

is mounted on a thin cantilever (usually silicon or silicon nitride) that is de�ected

when the tip interacts with the surface. This de�ection is often detected with an op-

tical lever setup, which is a convenient way to measure small displacements. A laser

beam is directed on the cantilever backside and re�ected from there to a position-

sensitive 4-quadrant photodiode. All four quadrants receive an equal amount of

laser intensity when the cantilever is in resting position. If the tip is in interaction

with the surface and the cantilever is de�ected, this equilibrium is disturbed. The

AFM processing unit calculates from the di�erence signal of the photodiode how

the cantilever is de�ected. A feedback loop - continuously comparing actual value

of displacement with a setpoint value - intervenes by either retracting or approach-

ing the cantilever to restore the setpoint (height information is gained). This is

repeated for a de�ned scanning pattern with a set of measurement points, thus cre-

ating a topographical image of the surface. The sample is placed on a piezoelectric

table capable to move the sample in nanometer precision in x- and y-direction. The

cantilever is also moved in the z-axis with a piezoelectric element (Fig. 3.18 b).

In�uencing parameters on the resolution are the scan speed (feedback loop needs

time to adjust the height, in the worst case the tip is crashed into the surface) and,

of course, the set of measuring points in a certain area (must �t the structure size

that is investigated). Another factor is the tip diameter, since an AFM image is
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the convolution of the tip and the surface geometry. The perfect AFM tip would

have an atomic radius with high aspect ratio, but in reality a typical AFM tip has

a radius of around 10 nm, which has to be taken into account [264].

Figure 3.18: (a) The potential energy as a function of the distance between tip and
surface (Lennard-Jones potential VLJ). Marked are the ranges where
the di�erent AFM modes operate: contact mode (pink), non-contact
mode (yellow) and tapping mode (black bar). (b) Schematic of an
AFM based on the optical lever principle. (Reprinted and modi�ed
with permission from [265])

The AFM can be operated in three modes, which can be distinguished by the force

region they operate (Fig. 3.18 a). In contact mode the tip is in direct contact with

the surface, operating in the repellent force region. This mode has a high resolution

(atomic resolution is possible), but the tip and sample are strained by the high wear.

The non-contact mode is the direct opposite, with the cantilever tip not in contact

but close to the surface, operating in the attractive force region. The wear is not

an issue here but a lower resolution is the consequence, especially when the AFM

is used in ambient air and a water �lm is absorbed within seconds due to the air

humidity. In non-contact mode, the cantilever is oscillated close to its resonance

frequency and the change in phase and amplitude is measured as a signal, since the

resonance frequency decreases when the tip is closer to the surface. This is neces-

sary because the de�ection is too small to detect in non-contact mode. However,

in this work all measurements are conducted in tapping mode. Here, the cantilever

also oscillates but with a higher amplitude, with e�ect that the tip is periodically

in contact with the surface, acting in both repellent and attractive force regions.
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This way the absorbed water �lm is penetrated and the resolution is higher com-

pared to non-contact mode and the wear is reduced compared to contact mode [264].

3.4.2 Spectroscopic and Spectrometric Methods

Two electron spectroscopy methods are used to investigate the elemental composi-

tion of samples. Both are closely related and di�er in principle only in the nature

of the spectroscopically investigated electrons, which allows the identi�cation of the

element they originate from.

X-ray Photoelectron Spectroscopy (XPS) utilizes photoelectrons emitted by

the sample after X-ray irradiation. For this work, XPS measurements were per-

formed by the ifos GmbH at the TU Kaiserslautern, as part of a long-term collabo-

ration. A XPS type Axis Nova Spectrometer (from Kratos Analytical Ltd., Manch-

ester, UK) is applied, utilizing monochromatic Al Kα radiation. Survey spectra

were acquired with a transmission energy of 160 eV , core spectra with 20 eV . Neu-

tralization of surface charge was ensured with a heated �lament in a magnetic lens

system (I = 1.9 A, U = 3.2 V ). The dimension of the X-ray beam on the surface

is 400 × 700 µm2. Atomic concentrations were calculated according to sensitivity

factors given by the device manufacturer. The principle of XPS is the irradiation

of a sample with highly energetic X-rays causing electron emission. An inner shell

electron of an atom of the sample can absorb the X-ray energy. If the energy is suf-

�cient enough the electron can overcome the binding energy and leave the sample

(Fig. 3.19). The excess energy is converted to kinetic energy Ekin of the photo-

electron that is measured as the spectroscopic item. Ekin is related to the binding

energy of the electron by following equation (law of energy conservation):

Ekin = EPhoton − EB − φ

with EPhoton as the photon energy, EB as the binding energy of the photoelectron

and φ as work function, which is speci�c for sample material and the detector mate-

rial. φ is an instrumental correction factor with values of a few eV , but in practice

it is rarely changed due to the minor impact on the results. The photon energy used

here is su�cient to cause photoelectron release in every element. With the equation
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above it is possible to calculate the binding energy of the photoelectron, which is

speci�c for each element and even the atomic orbital, where the photoelectron comes

from can be identi�ed with accuracy. Every single element can be detected with this

method, but some are more demanding [266].

Figure 3.19: Schematic of the underlying one-step mechanism of photoelectron emis-
sion from an excited atom with electron shells K, L and M (X-ray no-
tation, number of electrons is arbitrary). A X-ray photon with energy
EPhoton = hν (h as Planck constant, ν as photon frequency) is absorbed
by an electron, gaining enough energy to overcome the binding energy
and to leave the sample with a certain kinetic energy.

X-rays are typically generated by bombardment of a material (here aluminum) with

electrons causing emission of characteristic X-rays. For this, an electron is removed

from an inner shell by impact ionization (here K). This vacancy is �lled with an

electron from an outer shell (here L) and the excess energy is released with pho-

ton emission (characteristic X-ray photon of aluminum Kα transition with energy

of 1.487 keV ) [267]. Other transitions are �ltered with a monochromator. The

released photoelectrons from the sample are guided via electron optics to a hemi-

spherical electron energy analyzer with two conducting metal hemispheres and a

voltage applied between them. Electrons enter the analyzer and depending on their

velocity (energy) they have a trajectory through the analyzer to the detector or they

get discharged in one of the hemispheres. The voltage between the hemispheres is

varied and this way the electron energy for a �tting trajectory is varied as well, in

e�ect �ltering the electrons for their kinetic energies and creating an energy spec-

trum of the received photoelectrons [266]. The binding energy is in�uenced by the

binding situation of the host atom. An atom that is in a positive oxidation state

binds more tightly its electrons, increasing the binding energy. The contrary is the

case if the atom is in negative oxidation state. For example, sulfur in oxidation
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state +6 has a 5.5 eV increased binding energy compared to pure sulfur (oxidation

state 0), in oxidation state −2 the binding energy is decreased by 2 eV [268]. This

is called chemical shift and enables the investigation of the chemical surrounding

of the elements by high resolution spectra (core spectra) [266]. In diamond context

this is useful to distinguish between diamond carbon and amorphous carbon. In the

latter the hydrogen content is higher which in�uences the binding energy, shifting

it to lower values (electronegativity of hydrogen is lower than carbon). This way is

is possible to determine the amount of amorphous carbon which is especially inter-

esting for UNCD samples.

Auger electron spectroscopy (AES) utilizes the Auger e�ect and the emitted

Auger electrons from the sample to receive information about the elemental com-

position comparable to XPS. AES measurements were executed at the Karlsruhe

Nano Micro Facility (KNMF), as part of a short-term project. An AES type 680

Xi Auger Nanoprobe (from Physical Electronics Inc., Chanhassen, USA) is used,

with electron beam acceleration of 10 keV resulting in a beam current of 10 nA.

The beam is directed on the sample with an inclination of 60° to the surface plane.

Depth pro�les were achieved by alternated measuring and sputtering with a 2 keV

argon beam (beam current 500 nA), directed on the sample with an inclination of

45° to the surface plane, for one minute. The sputter rate of UNCD was empirically

determined with 2.5 nm·min−1. The Auger e�ect (here shown for the KLM process)

is a relaxation process of excited atoms and in direct competition to the relaxation

by photon emission. In AES devices usually electron bombardment is used to knock

out an electron from an inner shell (K shell). The vacancy on the inner shell is �lled

by an electron from an outer shell (L shell). The excess energy, which is the energy

di�erence Ediff between the two shells, can be transferred to another electron in an

even higher shell (M shell) and this electron can gain enough energy to leave the

sample with a certain kinetic energy Ekin [269] (Fig. 3.20). The relation between

Ekin and the energy of the di�erent involved shell states is given by this equation:

Ekin = EK − EL − E ′M − φ

with EK as the energy of the inner shell state, EL as the energy of the �rst outer

shell state (replacing electron) and E ′M as the energy of the second outer shell state
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(Auger electron). Note that E ′M is the energy of M shell state in an ionized atom,

di�erent from EM . φ is the work function for which the same applies as for XPS.

Figure 3.20: Auger electron emission is a two-step process. An inner shell electron
(K) is removed by electron impact. The empty state is occupied from
an electron of a higher energy shell (L). The energy di�erence of the L
to the K shell Ediff = EK −EL is transferred to an outer shell electron
(M), gaining enough energy to overcome the binding energy and leaving
the sample with a certain kinetic energy.

As mentioned before, AES usually utilizes an electron gun to induce Auger electron

emission. Auger electron can also be generated by X-ray irradiation which explains

that Auger peaks appear in XPS spectra (to identify these peaks two X-ray sources

can be used. Peaks from photoelectrons shift, Auger peaks not). The electron beam

is used because the beam size is much smaller compared to the X-ray beam, allowing

a sublime spatial resolution in the nanometer range (beam diameter for the device

used in this work is < 24 nm for 10 keV acceleration voltage). Additionally, AES

is extremely surface sensitive with Auger electrons usually originating from the �rst

ten atomic layers. The downside is of course that only conductive samples can be

investigated with AES. In spite of AES being considered more sensitive to chem-

ical shifts, XPS is also called electron spectroscopy for chemical analysis (ESCA),

because the analysis of AES spectra to read out chemical shifts is more demanding

and di�cult than for XPS spectra [269]. The detection of the Auger electrons is

done the same way as for XPS with a hemispherical electron energy analyzer.

Both spectroscopic methods are very similar and in all practicality can be exchanged

for most applications. Major advantages for AES are the sensitivity and spatial

resolution, whereas the ability to investigate non-conductive samples speaks for XPS.
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Inductively-coupled plasma - mass spectrometry (ICP-MS) is used to iden-

tify chemical compounds by their mass. Measurements are executed at the Karlsruhe

Nano Micro Facility (KNMF), as part of a short-term project (same as AES), with

an ICP-MS type 7500 ce (from Agilent Technologies Inc., Santa Clara, USA). A

27 MHz inductively-coupled plasma decomposes the sample molecules into ions

and a quadrupole analyzer is used for separation by mass. In more detail, the an-

alyte is directed into an ionizer, which can work for example with electron impact

ionization, electrospray ionization, laser ionization or, like in our case, ionization by

plasma. After ionization the analyte is directed through an ion guide setup which

separates the wanted ions from the unwanted neutral species. Polyatomic ions are

removed within the octupole ion guide with helium gas �lling, where the helium

atoms collide more frequently with polyatomic ions than atomic ions, acting as a

pre�lter. The ions are �nally separated depending on their mass-to-charge ratio (m
q

with m as mass and q as charge) with a high frequency quadrupole mass analyzer.

Such an analyzer consists of four metal rods, with the two opponent rods always

on the same potential and between the adjacent rods a voltage is applied, with a

static and an alternating component. At given values for the static voltage and the

amplitude and frequency of the alternating voltage, there are only certain regions

of stability for ions with a certain mass-to-charge ratio. A �tting ion is passing the

mass analyzer by spiraling along the middle axis between the rods, other ions with

a di�erent mass-to-charge ratio spiral out of the analyzer, not reaching the detector.

Said detector is typically an electron multiplier like a dynode. This way a mass

spectrum is created with the intensity at a given mass proportional to the concen-

tration of the ion at that mass. ICP-MS was implemented in the current work to

analyze the release of silver from UNCD-Ag samples placed in water.

3.4.3 Fluorescence Imaging

Confocal Laser Scanning Microscopy (CLSM) is a special form of optical

microscopy, where the sample is not illuminated as a whole, but only small parts at a

given time. In this work, a CLSM type TCS SP5 with DM 6000 CS microscope (from

Leica Microsystems GmbH, Wetzlar, Germany) is used. For GFP measurements

the CLSM is equipped with a continuous wave 488 nm argon laser. In real-time

observation, the sample is illuminated with a shutter-controlled mercury metal halide
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light bulb through a �lter cube. The GFP �lter cube consists of an excitation �lter

(band-pass 470 ± 20 nm), a dichroic mirror (cut-on wavelength 500 nm) and an

emission �lter (band-pass 525±25 nm) (Fig. 3.21 (a)). Three immersion objectives

(10×, 20×, 63×) and two dry objectives (20×, 63×) are available, however, GFP

on UNCD is measured with immersion objectives in PBS only.

Figure 3.21: (a) Schematic of the light path in real-time observation. Blue lines
are excitation and red lines are emission. (1. light source, 2. shutter,
3. excitation �lter, 4. dichroic �lter, 5. objective lens, 6. sample, 7.
emission �lter, 8. eye piece objective). (b) Schematic of light path
in CLSM image acquisition. Color coding of the light beams are the
same as in (a). Note the light (grey dashed lines) from over and under
the focus plane (black dashed line), that do not reach the detector (1.
laser, 2. laser pinhole, 3. dichroic mirror, 4. objective lens, 5. sample,
6. detector pinhole, 7. detector). (Images recreated from TCS-SP5
user manual, Leica Microsystems)

For CLSM image acquisition, the laser beam is re�ected by a dichroic mirror and

directed with a movable mirror on the sample, illuminating only small spots instead

of the whole sample at once. The emission is shifted to higher wavelength by the

�uorophore (here from 488 nm to 507 nm), above the cut-on wavelength of the

dichroic mirror (500 nm), enabling transmission. After passing the detector pinhole

the photons are detected, typically with photomultipliers (Fig. 3.21 (b)). Images are

created with step-by-step addition of scanning points. With this technique, images

can be created surpassing conventional microscopy in contrast and resolution. By

excitation of a small spot, stray light from adjacent �uorescent structures is avoided
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to increase spatial resolution in the x- and y-axis. The detector pinhole blocks stray

light from �uorescent emitters out of the focus plane, which increases image quality

in the z-axis as well. In total the excitation volume is kept as small as possible. An

overlay of several images can increase the quality even more. But the intense laser

light can cause faster bleaching of the �uorophores.

Microplate Reader are primarily used for automatic detection of reactions or

events in large batches. Most microplate readers are capable to make use of mi-

crotiter plates with 1 − 1536 wells. A microplate reader type CLARIOstar (from

BMG LABTECH GmbH, Ortenberg, Germany) is used with high energy xenon

�ash lamp as light source. A dual linear variable �lter (LVF) monochromator with

a spectral range of 320− 840 nm, monochromizes the excitation light from the light

source and the emitted light from the sample with increments of 0.1 − 10 nm and

a selectable bandwidth of 8 − 100 nm. The linear variable dichroic mirror has a

spectral range of 340 − 760 nm with increments of 0.1 nm. Emitted photons are

detected with a low noise photomultiplier tube. In this work, mostly 96-well plates

(HTRF black from Packard BioScience Ltd.) or occasionally plates with larger wells

(6-well plate transparent from Sarstedt AG) are applied and the UNCD samples are

submerged in PBS solution. Furthermore, only �uorescence intensity (FI) mode is

utilized. The basic principle of a microplate reader is very similar to that of the

CLSM described above, but with focus on high throughput performance by sacri�c-

ing image quality. Light irradiates the well containing the sample and when a �tting

�uorophore is present, the emitted light is detected. Like in CLSM, monochromators

for excitation light and emitted light are employed, as well as a dichroic mirror that

acts as a beam splitter. In most cases each well on a microplate is measured once and

the wells can be compared to each other by their absolute �uorescence, which is the

average �uorescence over the whole well. This is done mostly be assigning a color

in relation to a standard solution containing no �uorescent agent (e.g. standard

solution is assigned purple and red is assigned to the highest �uorescence measured

on the plate). Spatial resolution is achieved with the matrix-scan-mode (Fig. 3.22).

In this mode the well is divided with a matrix overlay into distinct areas. Each

area is measured individually and as a whole the �uorescence is mapped across the

well and in last consequence on the sample. The matrix can be set between 5 × 5

and 30 × 30. In a 96-well plate each well has a diameter of around 7 mm, but
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the diameter of the matrix (equals the edge length) can be programmed manually

to even lower values. This enables a kind of magni�cation, with the lowest values

for the matrix diameter being 2 mm. In combination with the largest matrix of

30× 30 a maximum spatial resolution is achieved with each spot having an area of

66.67 × 66.67 µm2. In this work, each spot in a matrix is measured eight times,

giving a total of 7200 measurements per well and sample.

Figure 3.22: In matrix-scan-mode an overlay is dividing the well into rectangular
areas, which are measured individually, creating a quanti�ed �uores-
cence image. Here depicted is a 34 mm diameter well with a 5×5 mm2

sample inside and a 10 × 10-matrix is applied. By changing the ma-
trix diameter to lower values, the spatial resolution is increased. (a)
Edge length of the matrix is 25 mm, each measured area is therefore
2.5×2.5 mm2. (b) Edge length of the matrix is 12 mm, each measured
area is therefore 1.2× 1.2 mm2. The inlets show the resulting �uores-
cence map of the sample. When the matrix diameter is reduced, the
spatial resolution increases with the same factor.

CSLM and microplate reader were used for the same purpose: detection of GFP

which is immobilized on UNCD surfaces. It became quickly apparent in the course

of this research that spatial resolution is not the top priority and most of the exper-

iments were conducted with the microplate reader, since it is more convenient due

to being faster, easier to use and highly automated.
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3.4.4 Antibacterial Assay

Antibacterial assays were prepared at the Department of Molecular Microbiology

and Genetics at the University of Göttingen. Two di�erent bacteria were used as

reference for antibacterial e�cacy: the Gram-negative Escherichia coli (K-12 strain)

and the Gram-positive Bacillus subtilis (NCIB 3610 strain). The bacteria were

grown overnight in lysogeny broth (LB) nutrition medium at 35 °C and afterwards

diluted in sterile PBS to a concentration of 106 CFU ·mL−1 (colony forming units).

Each of the samples (approx. 1 × 1 cm2 in size) were placed inside a well (12-

well plates were used) and submerged in 1 mL of bacteria suspension for 3, 8 or

24 hours. After the respective time 100 µL aliquots were taken from the well and

further diluted with PBS to a concentration of 10−3 CFU · mL−1. The diluted

bacteria suspension was spread on a LB-agar plate, incubated overnight at 35 °C

and then the CFU per plate were counted. The antibacterial e�cacy (ABE) was

determined with following equation:

ABE(%) =
(Nref −Nexp)

Nref

× 100

with Nref as number of CFU on the as-grown UNCD reference sample without

silver and Nexp as number of CFU on the investigated UNCD sample with silver

(embedded or open as control).
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4.1 Implant Coating Material

All samples mentioned and shown here were prepared as described in [213]. In short,

a silicon wafer was pretreated and coated with UNCD in a three-hour deposition

(resulting thickness approx. 720 nm). A thin layer of silver (5 nm) was deposited

on the surface and formation of silver nanoparticles was induced by RTA treatment

for 10 minutes at 650 °C. Afterwards the nanoparticles were enclosed with a layer

of UNCD. The deposition duration was varied between 5 and 30 minutes to achieve

capping layers with di�erent thicknesses (Fig. 4.1).

Figure 4.1: Scheme of preparation of UNCD samples with embedded silver nanopar-
ticles. The yellow boxes show what methods were used for characteriza-
tion of the corresponding surfaces. (Modi�ed from [213])
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4.1.1 Film Composition and Silver Release

The compositions of the �nished layers were investigated with AES. Deposition dura-

tions of the capping layer of 5, 10, 15 and 30 minutes were used. In SEM micrographs

the surface showed no silver on the top and UNCD seemingly completely covered

the nanoparticles already after 5 minutes of deposition. In order to determine the

depth of the silver nanoparticle layer it is necessary to determine the sputter rate of

UNCD via AES with the given parameters �rst. For this, a calibration sample was

prepared with one half coated with UNCD (deposition duration of 45 minutes) and

on the other half the UNCD was etched down with ICP-RIE to bare silicon. The

resulting edge was measured with a pro�lometer, giving a UNCD �lm thickness of

210−230 nm. Disparity in �lm thickness comes from the unevenly distributed spher-

ical plasma in the MWCVD reactor. The sample is sputtered in one-minute intervals

until the silicon substrate is reached and the sputter rate can be obtained (Fig. 4.2).

Figure 4.2: Silicon/carbon concentration depth pro�le of the calibration sample. Be-
fore sputtering the surface is composed of carbon only. After 88 minutes
of sputtering the silicon substrate is reached and the concentration of
silicon (black) increases while carbon (red) decreases. Note that af-
ter 88 minutes the concentration for both silicon and carbon is approx.
50 at.%. The transition is not sudden but steady, for silicon from 84
minutes (0 at.%) to 92 minutes (100 at.%).
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The sputter rate can be determined to 2.39 nm ·min−1 and 2.61 nm ·min−1 (for

210 nm and 230 nm UNCD �lm thickness, respectively), with an average value of

2.50 nm · min−1, which will be used from here on for calculations. In the follow-

ing the results of the AES measurements of UNCD samples with embedded silver

nanoparticles (UNCD/Ag/UNCD) will be discussed.

Figure 4.3: Silver concentration depth pro�le for UNCD/Ag/UNCD samples. De-
position of capping layer was varied to 5 (black), 10 (red), 15 (green)
and 30 minutes (blue). (Modi�ed from [213])

AES of the UNCD/Ag/UNCD reveals that after 5 minutes of capping deposition sil-

ver is still detectable on the surface (Fig. 4.3). Therefore, this deposition duration is

not su�cient long enough for full enclosure of the nanoparticles. For longer deposi-

tion times this is not the case and no silver can be found on the surface, con�rming

full coverage of the silver nanoparticles for UNCD depositions of 10 minutes and

longer. The silver concentration peaks can be further analyzed giving the average

depth of the silver layer by the peak maximum position and the thickness of the sil-

ver layer from the width of the peak. Note that these values will contain errors due

to the one-minute sputter interval resulting in an error margin of 5 nm and it should

also be taken into account that silver could di�use into the UNCD layer during the

capping deposition at high temperatures of around 600 °C. A common occurrence
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during sputtering is the knock-on e�ect, where sputtered atoms are not removed but

incorporated into the layer beneath. Furthermore, silver and UNCD might have dif-

ferent sputter rates, which will especially in�uence the calculated values of the silver

layer thickness. For the 5 minute capping duration the highest silver concentration

is directly at the surface. A second peak maximum is visible at a depth of 22.5 nm

with silver layer thickness of around 42.5 nm. After 10 and 15 minutes of capping

deposition the peak maximum is at a depth of 57.5 nm and 92.5 nm, respectively.

The corresponding silver layer thickness is around 52.5 nm (10 min) and 50 nm (15

min), very similar and in agreement with the silver nanoparticle diameter of approx.

50 nm revealed by AFM measurements. The 30 minute capping layer sample is

o� this trend with a depth of 290 nm and a layer thickness of 102 nm. Both val-

ues were unexpected with a much deeper and thicker silver layer compared to the

trend visible for the 5, 10, and 15 minutes capping layers. An explanation can be

partly given by the growth dynamic of UNCD. We observed elevated growth rates of

UNCD on titanium before (6 nm ·min−1, compared to 4 nm ·min−1 on silicon) and

therefore it is possible that the growth rate is also increased when UNCD is grown

on silver particles, which provides a lot of additional edges and ridges as binding

sites as well. It is also known that the growth rate of UNCD is not linear in the

initial state of deposition because the UNCD surface is not completely closed. After

the �lm is closed the growth rate reaches a stable maximum, which is conserved for

the remainder of the deposition. Since for the capping layer deposition the duration

is kept relatively short, large changes in the growth rates can at least be expected.

Nevertheless, for the 30 minute capping layer to reach a thickness of approx. 250 nm

UNCD on top of the silver layer, a growth rate of more than 8 nm ·min−1 would be

necessary, which would be the highest observed growth rate for the used device with

the given parameters. An explanation for the twice as thick silver layer of the 30

minute sample compared to the other samples could be given by maladjustment of

the silver deposition device (Pfei�er EBPVD). The 30 minute sample was produced

not in the same batch but prior to the other samples and in between the production

periods, the EBPVD device was readjusted because the electron beam power was

too high during deposition. Especially for such thin layers as the 5 nm silver used

here, this could lead to major deviations from the targeted thickness.

To summarize, UNCD samples with embedded silver nanoparticles can be produced
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and the thickness of the capping layer can be controlled by the duration of the sec-

ond UNCD deposition. The growth rates derived from the depth of the maximum

silver concentration increases with longer duration, showing a non-linear behavior.

The thickness of the silver layer is in good agreement with AFM measurement of

the average silver nanoparticle diameter. At least 10 minutes of capping deposition

is necessary for a full enclosure.

The next step was the investigation of the silver ion release from samples with em-

bedded silver nanoparticles in a surrounding liquid medium. For this, samples with

5, 10, 15 and 30 minutes capping deposition duration were submerged in 20 mL of

deionized water at a temperature of 37 °C (human body temperature). After seven

days the water samples were analyzed with ICP-MS to reveal the silver concentra-

tion and compared to a negative sample of pure deionized water (Fig. 4.4).

Figure 4.4: Silver concentration as revealed by ICP-MS in water samples. Sam-
ples 5, 10, 15 and 30 min were in contact with silver containing
UNCD/Ag/UNCD samples. The sample 'water' is a negative control
with pure deionized water. Note the logarithmic scale of the silver con-
centration. (Modi�ed from [213])

The observed general trend is as expected. With increasing capping layer thickness

the silver concentration found in the water samples is decreasing. The 5 minute

sample shows the highest concentration of silver with 89.2 ng ·mL−1. Compared to
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the negative sample with 0.12 ng·mL−1 it is 738-fold increased. But, as AES revealed
silver can be found on the 5 minute UNCD/Ag/UNCD sample already exposed on

the surface. More interesting are the 10 and 15 minute samples, where samples were

submerged with completely covered silver nanoparticles and a comparable silver layer

thickness according to the AES measurements. Both show high silver concentration

with 20.8 ng ·mL−1 and 0.75 ng ·mL−1, 172-fold and 7-fold increased to the negative

sample. The lowest value is as expected from the 30 minute sample with a silver

concentration of 0.24 ng ·mL−1, but still double the amount of the negative sample.

From this we can conclude that silver is in fact migrating through the UNCD layer

and that the thickness of this capping layer can be utilized to in�uence the amount

of released silver into the surrounding environment. There is no linear relation

between silver concentration in the water samples and the thickness of the capping

layer. Whereas the silver concentration between the 10 and 15 minute sample is

decreased by a factor of around 27, between the 15 and 30 minute sample it is only

decreased by a factor of around 3. And this despite the fact that the depths of the

silver layers are relatively close in the former case (57.5 nm and 92.5 nm, 45 nm

deeper) compared to the latter case (92.5 nm and 290 nm, 197.5 nm deeper). In no

case the silver concentration in the water samples reached values that were reported

in literature as harmful for bacteria, but one should bear in mind that the volume

of water with 20 mL is large compared to the size of the submerged sample with

an area of 1 × 1 cm2. In the application as an implant coating the bacteria would

most likely adhere directly to the surface decreasing the volume drastically. The

silver concentrations reached in this experiment are probably the plateau values. In

literature there are reports about the silver ion release from DLC, which show a

sudden increase in the initial 12 hour, a saturation within 66 hours and a plateau

after 120 hours when the release ceases [208]. This dynamic release is bene�cial for

an implantation surgery scenario, where the potential pathogenic bacteria are killed

during the burst-like initial release of silver and the following reduction and ceasing

of the silver release enables adhesion of cells for a fast integration of the implant.

In summary, the ICP-MS results are conclusive with the AES results and show the

expected behavior. Thicker capping layer equals a lower silver concentration found

in the water samples. A linear relation between depth of the silver layer and the

silver concentration is not evident.
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4.1.2 Antibacterial E�cacy Assays

The samples were tested against bacteria for their antibacterial e�cacy (ABE). Four

di�erent surfaces were tested against E. coli (Fig. 4.5) and B. subtilis (Fig. 4.6): a

negative sample with as-grown UNCD without silver, a positive sample with open

silver nanodroplets on UNCD where the capping deposition was not done (denoted

as Positive) and two samples with UNCD capping deposition of 5 and 10 minutes

duration (denoted as 5 min and 10 min, respectively). note that the 5 minute sample

is only partly covered and silver is still directly at the surface. The bacteria were

counted after 3, 8 and 24 hours of exposure to the surfaces. Since no e�ect was

visible for the negative samples for both bacteria, they will not be presented here.

Images of all used LB-agar dishes can be found in the appendix (Fig. 6.1).

Figure 4.5: ABE of the three silver containing surfaces tested against E. coli after 3
(black), 8 (red) and 24 hours (green) of exposure. (Modi�ed from [213])

The results of the E. coli antibacterial e�cacy assay are conclusive with the pre-

vious results of UNCD/Ag/UNCD �lm composition by AES and silver release by

ICP-MS. In general, the ABE is decreasing with increasing capping layer thickness

and resulting reduced silver release. Furthermore, a longer exposure time increases

the ABE consequently. After 3 hours the Positive sample reduced E. coli by 80 %,

the 5 minute sample by 35 % and the 10 minute sample by over 20 %. After 8 hours

the Positive sample killed all E. coli bacteria in the test solution, the 5 min sample
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reduced it by 70 % and the 10 min sample by 60 %. After 24 hours the 5 min sample

also killed all E. coli and the 10 min sample reduced it further to a total of 80 %.

Against E. Coli the sample with fully enclosed silver nanoparticles could not kill

all bacteria in 24 hours but could reduce their numbers signi�cantly. Samples with

silver on the surface could kill all bacteria after 8 or 24 hours, depending on how

much of the silver is accessible.

Figure 4.6: ABE of the three silver containing surfaces tested against B. subtilis
after 3 (black), 8 (red) and 24 hours (green) of exposure. (Modi�ed
from [213])

Seemingly B. subtilis is much more susceptible to silver. Already after 3 hours all

bacteria were killed by the Positive sample with open and the 5 min sample with

partly covered silver nanoparticles. After 8 hours the 10 minute sample was also

able kill all bacteria in the test solution. Therefore, all surfaces could provide a

bacteria free environment: open silver samples after 3 hours and the sample with

completely embedded silver after 8 hours.

In summary, all surfaces showed a profound antibacterial e�cacy against the tested

bacteria. Open silver is more e�ective than partly or fully covered silver nanoparti-

cles, con�rming previous observations in literature and experimental results in this

work. Providing a bacteria free environment is important to ensure that the bacte-

rial population is not recovering after silver release saturates and ceases eventually.
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Such a recovery of the bacteria population was reported earlier on silver containing

DLC [207]. Since the ABE was constantly increasing with time, it can be assumed

that the silver release was not reaching saturation within 24 hours and for E. coli a

completely bacteria free environment could be reached with ongoing exposure over

24 hours. The di�erence between the ABE against E. coli and B. subtilis could

be explained by the di�erent structure of the bacterial cell walls. Gram-negative

bacteria like E. coli have a thin peptidoglycan layer (2 − 3 nm) between the cyto-

plasmic membrane and outer cell membrane, whereas Gram-positive bacteria like B.

subtilis have a thick peptidoglycan layer (approx. 30 nm) but lacking an outer cell

membrane completely [270, 271]. This di�erence seems to in�uence the uptake of

silver into the bacteria and/or the concentration necessary for a substantial antibac-

terial e�ect to be visible. Interestingly this observation is conversely to previous

�ndings about the antibacterial properties of silver nanoparticles in solution. These

were more e�ective against Gram-negative bacteria than against Gram-positive ones

[272]. However, in a study it was suggested that the mode of action for silver ions

and silver nanoparticles may be di�erent and nanoparticles are not only suppliers

for silver ions but have antibacterial mechanism on their own [273]. But since the

silver release by our samples is most likely as silver ions, the results may be less

comparable to each other. Additionally, it cannot be ruled out that the uptake and

metabolism of silver ions is di�erent for di�erent organisms but also for di�erent

strains of the same organism.

Considering all results shown here, it can be concluded that UNCD samples can be

prepared with silver nanoparticles in various depths to provide antibacterial e�cacy

against Gram-negative and Gram-positive bacteria. The thickness of the capping

layer can be utilized to a certain degree to control the release of silver into the sur-

roundings. Concerning the only sample with fully covered silver nanoparticles that

was investigated with all methods presented here - with 10 minutes capping deposi-

tion - it should be noted that the silver layer was quiet deep with 57.5 nm average

depth and a capping deposition between 5 and 10 minutes could provide samples

with fully enclosed particles, closer to the surface. Future investigations should focus

�rstly on the dynamic of the silver release which needs deeper insight and secondly

on the mechanical properties of UNCD with embedded silver nanoparticles, since

loss of structural integrity is one major issue that occurred in DLC-Ag surfaces.
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4.2 Biosensor Platform

4.2.1 Initial Linker Chemistry Experiments on UNCD

Conventional linker chemistry includes all linker routes presented in section 3: Glu-

taraldehyde, EDC/NHS and GOPTS. Not included is the photochemical linker

chemistry based on ω-alkenes, which requires additional equipment. For the ini-

tial experiments of direct GFP immobilization on UNCD no patterned modi�cation

or nanostructuring of the surface were employed, rather the whole surface was simply

modi�ed with oxygen or ammonia plasma to introduce functional groups �OH or

�NH2 and compared to as-grown UNCD. Additionally, surfaces with F termination

as negative samples were prepared as well, where no covalent immobilization should

happen due to the inertness of the surface. With these highly hydrophobic surfaces

we have observed an increased non-covalent immobilization of the lipase enzyme in

previous studies [223], so it might be interesting to test those as well. In Fig. 4.7

the conventional linker routes are summarized with additional surface treatments

included. Note that an example for a detailed plan with each individual step for

these experiments is added in the appendix.

Figure 4.7: Strategies of conventional linker chemistry for GFP immobilization.
Starting from H terminated UNCD, which is modi�ed (green) with oxy-
gen or ammonia plasma to yield functionalized UNCD surfaces. Strategy
may include wet chemical treatment (blue) for OH enrichment (perox-
ymonosulfuric acid) of oxygen modi�ed UNCD or further functionaliza-
tion to achieve COOH terminated UNCD (succinic anhydride). Combi-
nations were done as well. Linker molecules (red, dashed arrows) estab-
lishing links between surface and GFP molecule.
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Surfaces for EDC/NHS linker route were cleaned with 0.01 M NaOH and after-

wards rinsed with H2O twice. The samples were incubated in EDC and NHS for 15

minutes at RT. EDC concentration was kept at 200 mM , but NHS was varied with

50 mM and 500 mM , so two di�erent EDC/NHS ratio were investigated. After

incubation, surfaces were washed with cooled PBS twice. Incubation with GFP was

performed with two di�erent concentrations of 5 µM and 50 µM for 20 minutes at

4 °C. After washing twice with PBS 0.01 % Tween-20, the samples were investigated

with CLSM (Fig. 4.8).

Figure 4.8: Fluorescence images of the investigates surfaces. (a) NH3 modi�ed with
50 mM NHS and 50 µM GFP. (b) O2 modi�ed with 500 mM NHS and
5 µM GFP. Note that (b) was taken with higher magni�cation.

The results were inconclusive. In comparison to the as-grown and the F-terminated

sample there were not much di�erences, the latter was not used for following experi-

ments. Especially on the O-terminated surfaces there were randomly spread spots of

high �uorescence visible, most likely agglomerates of GFP on the surface. Since there

were no signi�cant di�erences between the �uorescence of negative controls and the

samples with functionalized surfaces, perhaps no covalent immobilization is respon-

sible for the observed �uorescence but only mere physical adsorption. To prevent

this all further immobilization experiments were carried out under constant shaking

at approx. 80 rpm and the UNCD samples were glued to the bottom of the reaction
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dish with high vacuum grease. The follow-up experiment included furthermore a

set of samples (as-grown, O- and NH2-terminated) where the non-�uorescent GST

protein was used instead of GFP (another negative control), a set where EDC/NHS

and GFP were added together and for all samples treatment with ethanolamine at

1 M (pH 8.5) for 5 minutes after GFP incubation to deactivate possible remaining

esters was applied. However, the results were rather unambiguous with almost no

�uorescence for all sample. With shaking the physical adsorption was hindered and

it was hardly possible to even �nd the sample in CLSM. As expected, large agglom-

erates were visible for the sample where EDC/NHS and GFP were added together,

which enables crosslinking between GFP molecules.

For next experiments surface treatments prior to the linker chemistry were included.

Samples were submerged in POMS for 30 minutes and afterwards washed with H2O

and IPA. The treatment with POMS was used in a previous study to activate silicon

surfaces (enrichment with hydroxyl groups) before GOPTS functionalization [230]

and might be useful here as well. Additionally, to achieve COOH terminated sur-

faces that are more suited for the EDC/NHS route, samples were also treated with

4 %(w/v) SA in DMF overnight and washed with DMF and PBS. Besides these

surface treatments, GOPTS was added as another linker molecule and samples were

submerged in pure GOPTS overnight at RT and washed with acetone. Neverthe-

less, the results were still negative for all samples. Minor di�erences with areas of

high �uorescence (relative to the rest of the surface) were still visible, but not re-

producible and most likely a product of chance. On surfaces with GOPTS bubbles

appeared during GFP incubation and were also visible as areas with lower �uores-

cence in CLSM. This is a hint for surface alteration, but the �uorescence overall was

very low and only visible through the objective and not after laser scanning. In an-

other experiment GOPTS was diluted (1 %(w/v) in toluene, washing with toluene),

but results remained the same: low �uorescence that can hardly be distinguished

from background �uorescence and the di�erent routes and surface treatments have

only slight e�ects that cannot be reproduced. Glutaraldehyde was investigated in an

experiment with samples submerged in a 25 % aqueous solution of glutaraldehyde

and washed with H2O. Results were similarly to EDC/NHS and GOPTS. From

these �ndings it was concluded that the surface of UNCD �lms is not suitable for

the tested conventional linker chemistry. Alteration of the surface chemistry after
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surface treatments and incubation with linker cannot be ruled out. Some contact

angle measurements showed a minor e�ect for POMS treatment and/or GOPTS in-

cubation (comparing surfaces with di�erent terminations before and after GOPTS

incubation), which will not be discussed here since it was not a�ecting the GFP

immobilization performance. An explanation for the ine�ectiveness of the estab-

lished linker routes can maybe be given by the terminal functional groups on UNCD

surface, which are not reactive enough because binding of a linker molecule is ster-

ically hindered by the surface. EDC/NHS and glutaraldehyde are commonly used

as crosslinking reagents between molecule with more accessible functional groups.

On diamond nanoparticles (up to 10 nm) the functional groups are probably less

sterically impaired due to the small dimension of the particles.

With conventional linker chemistry ruled out, photochemical grafting seems to be

the procedure of choice. The immobilization process from Radadia et al. is used as

basis for this, with minor changes [236]. The UNCD sample is cleaned in acetone

and IPA. TFAAD is spread onto the sample with a concentration of 2 µL · cm−2 via
a micropipette. A quartz glass slide (cleaned with peroxymonosulfuric acid for 30

minutes) is placed on top of the sample spreading TFAAD evenly over the whole

surface. The duration of the UV irradiation has been reduced from 12 hours accord-

ing to [236] to 10 hours because in a study it was reported that irradiation of approx.

10 hours leads to monolayer formation of TFAAD and longer exposure causes three

dimensional growth due to polymerization [237]. Following the UV irradiation, the

samples are deprotected, further functionalized with glutaraldehyde ready for im-

mobilization with a 20 hour incubation in GFP solution at 4 °C. Nevertheless, the

results were not satisfying. There was no di�erence in �uorescence visible between a

UNCD sample with TFAAD surface functionalization and an as-grown UNCD sam-

ple, both incubated with GFP. Physically absorbed GFP is most likely the cause for

a faint background �uorescence in comparison to samples that were in no contact

with GFP at all. Since in literature this immobilization route has been proven to be

working, every necessary chemical and device was checked separately. TFAAD and

glutaraldehyde were investigated with NMR. Results can be found in the appendix

(Fig. 6.3 and 6.4), which showed that the chemicals were not contaminated and

that TFAAD is mostly present in its protected form (deprotection can happen by

hydrolysis). With the chemicals cleared, the technical devices were in the focus,
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namely the UV lamp and the glass slides that spread the TFAAD on the UNCD

surface. The latter was identi�ed as the most likely error source since the container

of the UV slide was labeled falsely as UV transmitting, while in fact having a high

absorbency in the needed region of 254 nm. The UV lamp was also replaced by

the same model but ozone-free because ozone could react with TFAAD. In addition,

the surface was modi�ed with a pattern (details in section 4.2.2) to really see the

di�erence in �uorescence caused by the di�erent surface termination and function-

alization. With this it was possible to see here the guided immobilization of GFP

on UNCD for the �rst time (Fig. 4.9). Still, it was only possible to take images

through the objective due to the weak �uorescence. The next step should therefore

be to increase the immobilization performance of the UNCD surface.

Figure 4.9: Guided immobilization of GFP on UNCD with patterned modi�cation.
The UNCD surface in the square (corners marked with white arrows) was
exposed to oxygen modi�cation and subsequently not functionalized with
TFAAD. A lower �uorescence indicates less GFP in the square compared
to the TFAAD functionalized areas around the square.
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4.2.2 Modi�cation Patterning and Surface Structuring

The photolithography mask used for patterning and structuring for these experi-

ments is available in two variants: either the chrome mask is made only with squares

or the whole surface is covered with chrome except for the squares (Fig. 4.10). With

this it is possible to produce samples that have functionalized squares for protein

immobilization as well as inverted samples that have squares that are inert to im-

mobilization while the surroundings are functionalized (like in Fig. 4.9).

Figure 4.10: Photolithography mask templates taken from LayoutEditor software
(version date 19.05.2021). In blue is the border between the masks,
each of which has a dimension of 1.1× 1.1 cm2. In yellow is the result-
ing chrome mask visualized. The squares (left) or square-shaped holes
(right) have various sizes between 480 × 480 µm2 and 540 × 540 µm2.
The distance between the squares (or holes) is between 460 µm and
485 µm. The mask was previously used to test the resolution capa-
bility of photolithography hence the various dimensions, but for our
purpose the di�erent sizes and distances are not relevant.

To pattern the surface modi�cation certain areas are protected by a mask. The

mask is typically made of metals like gold or titanium and de�ned with lift-o� pro-

cess. But since the modi�cation by plasma is rather mild, the mask can also be

made of the resist directly, which saves some time because there is no need for the

deposition of metal. Furthermore, the removal of the resist mask is easier, which is

done in DMSO whereas metals require usually more aggressive solvents like acids
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that are additionally oxidative and perhaps this could alter the surface termina-

tion to a certain degree. However, both methods have shown to produce similar

results visible in the SEM micrographs where di�erently terminated surfaces can be

easily distinguished (Fig 4.11). This mask is denoted as macromask in the following.

Figure 4.11: Top: Scheme of the patterned modi�cation. Starting from H termi-
nated surfaces, the resist mask (red) is de�ned with photolithography
(A). After modi�cation with oxygen plasma (B) the mask is removed
(C), revealing the surface with de�ned surface termination. Additional
steps are required when a metal mask is used. The metal (yellow) has
to be deposited (A2) and the metal mask is de�ned by lift-o� process
(A3). Bottom, A: Gold mask on UNCD before modi�cation. Bottom,
B: SEM image of an UNCD surface with patterned modi�cation by
using a resist mask only. Clearly visible is the di�erence in bright-
ness of the H-terminated squares and the darker O-terminated areas in
between the squares.

With patterned modi�cation it was possible to con�rm the ability to prepare sam-

ples with areas �t for immobilization by TFAAD functionalization and areas that

are not. The next step would be to increase the number of immobilized proteins on

these areas. In an ideal conception TFAAD covers the surface as a mono-molecular

layer, in other words the amount of covalent binding spots is only limited by the area
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that is coated with TFAAD. Therefore, increasing the area by nanostructuring the

surface should enable more TFAAD to bind to the surface, creating more binding

sites for proteins in the process. In a previous study e�orts were made to increase

the surface area for the same purpose of immobilizing more protein. In this case

an enzyme was non-covalently immobilized on structured UNCD [223]. The struc-

turing was done by deposition of a thin gold layer of 5 nm thickness and heating

in a RTA setup to induce melting and formation of spherical nanoparticles that act

as etching masks. Afterwards the surface looks grass-like and this structuring was

accordingly named diamond grass. On the downside the structures were relatively

fragile and prone to being damaged with the slightest agitation. From another study

it is known that at least for silver thicker initial layers create larger particles (see

[213]). Therefore, the thickness was increased from 5 nm to 10 nm gold with the

RTA recipe unchanged. This results in the formation of irregular gold slugs instead

of spherical droplets that are used as etch mask (denoted as micromask). The struc-

ture obtained after etching in ICP-RIE is made of irregular formed islands with deep

trenches in between, which is denoted as diamond wrinkles (Fig. 4.12).

Figure 4.12: A: After RTA treatment of a 10 nm thick gold layer the surface is
covered with irregular formed gold slugs, the micromask. B: After
etching with oxygen plasma for 45 seconds the surface is structured
with randomly distributed island with deep trenches in between.

The structuring via micromask is an additional process to the aforementioned de-

position and de�nition of the macromask. Previously the macromask was prepared

with gold only, but there were always issues with delamination of the gold �lm
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because gold does not form carbides, which is necessary for a good adhesion. Ti-

tanium on the other hand forms carbides and adheres well on UNCD. Another

issue to consider is the etchant used to remove the mask when it is not needed

anymore. Due to the fact that the surface chemistry is of utmost importance

highly oxidizing etchants that could alter the surface termination should be avoided.

Gold can be selectively etched with an aqueous potassium iodide / iodine solu-

tion (KI : I2 : H2O = 4 g : 1 g : 40 mL) with an etch rate of 1 µm · min−1,
which does not alter diamond surfaces at all. For this reason, gold was the ma-

terial of choice for the micromask. The material for the macromask on the other

hand could be either gold or titanium. Other materials available in deposition

devices were discarded either because they require the same (nickel, platinum)

or more reactive etchants (chromium) and would bear no advantage. Titanium

is etched with an aqueous solution of hydro�uoric acid and hydrogen peroxide

(50 % HF : H2O2 : H2O = 1 mL : 1 mL : 20 mL) with an etch rate of 1 µm ·min−1.
Hydro�uoric acid is of course itself a highly reactive compound but the alteration of

the surface termination with �uorine is unlikely especially at ambient temperature

and for the short duration of exposure during removal of the mask.

Figure 4.13: A: Microscope image of a 200 nm thick gold layer after lift-o� with
delamination caused by nitrogen �ow visible on the left side. B: SEM
micrograph of a delaminated and ripped o� gold layer.

A pure gold mask of 200 nm thickness is not able to withstand small agitations (Fig.

4.13). After 12 hours in DMSO for the lift-o�, the samples are washed in acetone

and IPA, and afterwards dried in nitrogen �ow. Often the �ow of the nitrogen is
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enough to spall the gold o� the UNCD surface. SEM micrographs reveal that the

gold �lm is not attached to the surface.

Next, a 200 nm thick titanium layer was put on trial. Using titanium as material for

the macromask and gold for the micromask is intriguing because both can be etched

without etching the other. Removing the gold micromask can be done without wor-

rying about the etch duration as it would be if the macromask would also be made

of gold. However, after RTA something unexpected must have happened (Fig. 4.14).

Figure 4.14: SEM micrographs of samples with titanium macromask. A: Before
RTA, visible in the corner of an UNCD window, with titanium being
on top and the right side. 10 nm gold for the micromask is already
deposited but cannot be resolved by SEM. B: After RTA and oxygen
etching, both UNCD and titanium are etched with gold acting as etch
mask. C: After 10 min of titanium etching the macromask is still there,
hardly damaged. D: After 24 hour in aqua regia the macromask is
mostly removed.
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The gold micromask was removed with aq. KI/I2 and afterwards the macromask

with aq. HF/H2O2. 200 nm titanium should be etched in under 30 seconds, but

even after 10 minutes the mask was barely etched. After additional 20 minutes the

titanium �lm was still visible starting to crack and delaminate. After 24 hours in

highly reactive aqua regia (conc. HCl : conc. HNO3 in 3:1) the �lm was almost

completely removed but small remnants were still visible. There were some regions,

where the surface appears brighter in the SEM micrograph hinting alteration of the

surface chemistry by the etching process. For these reasons titanium was ruled out

as material for the macromask. A possible explanation could be the formation of

a gold-titanium alloy during RTA treatment, which is more resilient to the caustic

agents that have been tried.

As a compromise a 5 nm thick titanium layer and a 200 nm thick gold layer on top

is tested next. The titanium acts as an adhesion promoter forming a thin layer of ti-

tanium carbide to which gold adheres stronger. Unfortunately, yet another problem

occured. The macromask appears typically shiny after deposition, but after RTA

some part of the mask became bleak, especially the edges of the 1× 1 cm2 samples.

SEM revealed that on these parts the gold �lm is not closed completely (Fig. 4.15).

Figure 4.15: SEM micrograph impressions of the destroyed macromask after RTA
on the edges of the sample.

The macromask is probably too thin with 200 nm thickness. Due to the RTA

conditions the gold melts and could �ow in small quantities from the edge of the

sample preventing the formation of a closed �lm in these areas. To address this
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issue the thickness was increased to 400 nm and the samples were increased in size

to 1.5× 1.5 cm2, to prevent crucial parts of the mask (the squares) are a�ected and

remain well de�ned after RTA treatment. With these measures the e�ect could be

reduced drastically and in practice it was not an issue anymore during the produc-

tion of the samples for further immobilization experiments.

One issue remains that needs attention. The structuring is done with an ICP-RIE

oxygen plasma, which left the structured surface oxygen terminated. But these

surfaces are supposed to be functionalized with TFAAD for protein immobilization,

which requires hydrogen termination for the photochemical reaction to happen. Two

procedures are possible: a second deposition of a thin layer of hydrogen terminated

as-grown UNCD or an additional treatment step with hydrogen plasma. The for-

mer was quickly discarded because the sample is simply overgrown after a short

5 minute deposition without retaining the structure. The latter needs some �ne

tuning. Contact angle measurements with deionized water give a good overlook of

the changing surface properties after di�erent treatments on unstructured UNCD

surfaces. As-grown UNCD has a contact angle Θ of 67° and after oxygen etching

of 6° (Fig. 3.16 (a)). Trials with hydrogen plasma treatment after oxygen etching

were done with the following parameters: H2 �ow of 20 sccm, pressure of 10 mTorr,

duration of 60 seconds and power of 200 W . The two latter parameters were varied

while the others were kept constant. Both, duration and power, show a clear trend.

Longer treatments resulting in higher contact angles, for example after 30 seconds

Θ is 49° and after 300 seconds it is 79°. Higher power results also in higher contact

angles, a treatment with 100 W gives Θ of 57° and with 300 W of 73°. Since ac-

tivated hydrogen formed in a plasma etches sp2 carbon selectively and could alter

the surface composition of the UNCD �lm, duration and power should be kept as

low as possible. For this reason, hydrogen plasma treated samples with duration of

one and two minutes were chosen for further investigation via XPS measurements

because with these parameters contact angles were reached comparable to the as-

grown sample. XPS gives the elemental composition of the investigated surfaces of

which carbon and oxygen content are the most interesting. The as-grown surface

consists of approx. 91.7 at.% carbon and 4.0 at.% oxygen. After oxygen etching

the carbon decreases to 84.9 at.% while oxygen increases to 11.8 at.%. With the

hydrogen plasma treatment this is reversed to 91.1 at.% carbon and 5.6 at.% oxy-
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gen, almost restoring the elemental composition of the as-grown surface. The C1s

core spectra show that after oxygen etching (red, Fig. 4.16 (b, c)) the maximum is

shifted to higher binding energy with a shoulder indicating the formation of carbon-

oxygen bonds like C�O�C, C�O and C��O. On the lower binding energy side a

distinct shoulder is visible, indicating an increased amount of sp2 carbon formed by

graphitization, which can be expected after oxygen etching.

Figure 4.16: (a) Contact angle of an as-grown sample and after O2 etching (black).
After subsequent H2 treatment with di�erent treatment duration (red)
and power (green). (b, c) C1s core spectra of an as-grown sample, after
O2 etching and after subsequent H2 treatment of one and two minutes.
(b) Counts per second (CPS) against binding energy. (c) Normalized
CPS against binding energy and core spectra maxima shifted to 285 eV
for better comparability.
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After treatment in hydrogen plasma the shift of the maximum to a higher energy and

the distinct shoulder on the lower energy side could be reversed to a certain degree.

In comparison to the as-grown sample (black, Fig. 4.16 (b, c)) the C1s core spectra

of the samples after hydrogen termination (green and blue) are slightly shifted to

the lower energy side indicating that - as expected - hydrogen favorably etched sp2

carbon, reducing its content. The shoulder to the higher energy side is marginal but

not gone, corresponding to the higher oxygen content mentioned above. Comparing

the duration of the hydrogen treatment it is apparent that a longer treatment time

is bene�cial. After two minutes the higher energy shoulder is smaller and the peak

broadness is more reduced as well. In summary, a treatment with hydrogen plasma

for two minutes is an e�ective way to counteract the e�ects of the structuring with

oxygen plasma on the elemental composition of the UNCD �lm. The amount of car-

bon atoms bonded to oxygen and therefore un�t for TFAAD functionalization could

be reduced drastically. Additionally, hydrogen treatment can be easily introduced

to the sample production process after the removal of the micromask and prior the

removal of the macromask.

Fig. 4.17 shows the complete production process of structured UNCD surfaces for

protein immobilization. After cleaning a 1.5 × 1.5 cm2 sample, the whole surface

is modi�ed with oxygen plasma. By photolithography the resist mask is de�ned.

5 nm titanium followed by 400 nm gold are deposited with EBPVD and after lift-

o� overnight in DMSO the macromask is �nished (see Fig. 4.17, 5.a laser 3D image

with depth pro�le from the edge of a UNCD square (exposed UNCD), 5.b SEM

micrograph of a UNCD square from straight above). 10 nm of gold are deposited

and with RTA treatment the formation of the micromask is induced (see Fig. 4.17,

7. SEM micrograph of the micromask). By ICP-RIE with oxygen plasma the

structuring is done leaving the exposed UNCD surface oxygen terminated. The

micromask is removed with KI/I2 solution for �ve seconds. The sample is introduced

again in the ICP-RIE for a two minute treatment with hydrogen plasma, turning the

exposed UNCD surface hydrogen terminated and �t for further functionalization.

The sample is �nished after the macromask is removed with KI/I2 and HF/H2O2

for 2.5 minutes (see Fig. 4.17, 11.a SEM micrograph showing the structuring of the

surface, 11.b showing a UNCD square, now with high brightness due to structuring

and hydrogen termination, compared to 5.b with oxygen termination).
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Figure 4.17: Full scheme of sample preparation for protein immobilization.
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Attempts were made to structure the whole sample surface, so without using the

macromask, which would save time and more of the surface would be available for

immobilization. After deposition of 10 nm gold over the whole surface and RTA

treatment, the micromask was looking quite di�erent to the usual appearance when

the macromask is used. Instead of irregular formed gold slugs in the range of 10 to

100 nm the surface is covered with more oval-shaped gold agglomerates of diverse

sizes. After oxygen etching and removal of the micromask the surface is less densely

structured with UNCD pillars sporadically distributed. Like the mask, the pillars

have diverse sizes in height and diameter. Overall, it seems more like UNCD parti-

cles were spread on the surface instead that the surface was structured (Fig. 4.18).

Figure 4.18: SEM micrographs of samples with the whole surface structured. A: Mi-
cromask prior to structuring by oxygen etching. B: Finished structured
surface after removal of the micromask.

The macromask was initially only needed for patterning of the surface to distinguish

between �uorescence stemming from actual immobilization and from the background

or by physical adsorption. The interpretation of these observations is di�cult, but

seemingly the macromask is also indispensable for the preparation of diamond wrin-

kles. The squares could restrain the formation of larger gold agglomerates during

RTA treatment. When no macromask is applied the molten gold forms larger and

larger agglomerates with time, whereas with macromask the gold in close vicinity to

the macromask is incorporated (the SEM micrographs show a distinct gap between

macromask and micromask) and the amount of gold in the square is depleted this

way, preventing the formation of larger gold agglomerates.

122



4 Results and Discussion 4.2 Biosensor Platform

Some of the steps in the structuring and immobilization process were monitored

with XPS in a late state of this work. The results were indi�erent since the X-ray

beam used to examine the surface was larger than the squares that were function-

alized (approx. 500 × 500 µm2 squares against 400 × 700 µm2 X-ray beam size).

The squares received a completely di�erent structuring treatment and distinct dif-

ferences can be assumed. The information gathered with XPS from the squares is

therefore somewhat compromised and interpretation is more di�cult. However, a

short summary of the results is provided here.

After structuring the surface shows the expected changes with higher oxygen con-

tent. Although, the amount of oxygen is rather high with 40.6 at.%. Normally after

modi�cation with oxygen plasma the oxygen content is approx. 10 at.%. Even more

unusual is a high titanium content of 16.9 at.%. This is surprising since no titanium

was used on the squares and none was deposited on them, only as adhesion layer

for the macromask. However, the titanium containing adhesion promoter Ti-Prime

is used for the resist and the whole surface was in contact with it. Nevertheless,

the amount of titanium found by XPS could not originate from Ti-Prime since it is

simply to much, which was con�rmed by the manufacturer. The ratio of titanium

and oxygen is a hint for TiO2 as the titanium compound in question but its origin

is unclear. After TFAAD functionalization the titanium content almost completely

dropped to zero (0.2 at.%), which could speak for contamination of the surface that

could be simply removed by washing the sample prior to functionalization. The

�uorine and nitrogen content is elevated (7.7 at.% and 4.3 at.%, respectively) after

TFAAD functionalization, which is expected from the tri�uoroacetic acid protection

group and the amino group of TFAAD. After deprotection �uorine is still on the

surface in comparable quantities (7.6 at.%), although it should be removed com-

pletely or at least drastically reduced. This is a sign for an insu�cient deprotection

reaction. As a consequence, new chemicals were ordered and used from here on:

NaBH4 and glutaraldehyde. Besides this, a silicon contamination of unknown origin

was identi�ed after H2 treatment, probably from SiO2 since silicon to oxygen ratio

is 1:2. The survey spectra and elemental compositions after certain steps in the

process discussed here can be found in the appendix (Fig. 6.5).
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4.2.3 Extended Fluorescence Studies on Structured UNCD

The structured and modi�ed samples were functionalized with TFAAD and incu-

bated with GFP (10 µg ·mL−1) just like described in section 4.2.1. The �uorescence

was signi�cantly increased compared to the faint �uorescence shown in Fig. 4.9.

Even the structuring alone, without using TFAAD, resulted in a higher �uorescence

caused solely by physical adsorption of GFP on these surfaces (Fig. 4.19).

Figure 4.19: Guided immobilization of GFP on structured UNCD surfaces. Both
samples were treated the same way and images were taken with the
same CLSM parameters. A: Without using TFAAD as linker molecule.
B: With TFAAD functionalization.

With con�rmation that immobilized GFP could be reliably detected by CLSM, fur-

ther �uorescent experiments were done with the microplate reader (abbreviated MR

in the following). With this device the quanti�cation is easier, conveniently auto-

mated and the sample throughput is higher, measuring all samples of an experiment

in a single run. Comparing the samples with each other is also easier since all sam-

ples are measured with the same settings, which includes focus height that had to

be readjusted for each sample in the CLSM. The �rst sample measured with MR

was the same sample from which the images of Fig. 4.19 were taken. Normally the

samples are investigated immediately after they were washed following GFP incu-

bation, usually within one or two hours. However, these MR measurements were
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conducted 21 days after the CLSM images were taken. During that time the samples

were stored at 4 °C initially in PBS, but over time the PBS has evaporated and the

sample went dry sometime in this time span. This sample was not placed exactly

under a certain photolithography mask (Fig. 4.10), but rather partly under two of

them, so the surface has both TFAAD functionalized squares and not functionalized

squares. The sample was placed in a 6-well plate, which could house the sample and

was measured with increasing matrix sizes and decreasing scan diameter (Fig. 4.20).

Figure 4.20: Matrix scans of UNCD sample with immobilized GFP. Fluorescence
color scale from blue (low) to red (high). A: 5× 5 matrix with 34 mm
scan diameter. B: 5 × 5 matrix with 17 mm. C: 30 × 30 matrix with
34 mm. D: 30×30 matrix with 17 mm. E: 30×30 matrix with 10 mm.
F: 30× 30 matrix with 2 mm.
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First to address is the �uorescence detected on the right edge of the well in the

largest scans (Fig. 4.20 A and C), which stems most likely from re�ections due to

the use of a transparent well plate. This is further substantiated by the fact that

this faint �uorescence is also detected in the well with PBS only, that acts as a

calibration standard (not shown). Therefore, the next experiments are conducted

in black plates to avoid this. Fig. 4.20 D shows the whole sample, which is in good

agreement with the mask that is used and how the sample was placed under it (Fig.

4.21 A). Most striking is the appearance of stripes instead of squares, when the scan

diameter is further reduced (Fig. 4.20 E and F). This can be partly explained for

scans with lower resolution, when the sample is not aligned parallel to the scan raster

(Fig. 4.21 B). However, at least in the scan with the highest spatial resolution (Fig.

4.20 F) the tilting of the sample should not be relevant and squares should be visible.

Figure 4.21: Interpretation of MR results. A: Position of the sample under the
photolithography mask (magenta dashed lines) with MR scan overlay.
Holes in mask are areas functionalized for GFP immobilization. B:
Explanation for stripes. If the mask is aligned with the scan direction
(red mask), the squares can be resolved with areas of low �uorescence
(blue) in between. If the mask is tilted (yellow mask), stripes could
appear.

Since only 96-well plates are available in black all of the following experiments are

done with these. The well diameter is 7 mm and samples are cut into 4 × 4 mm2

pieces to �t into the wells. Usually between 9 and 12 pieces can be cut out of a
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1.5× 1.5 cm2 sample and the cutting is done after structuring and prior to TFAAD

functionalization. To look further into the issues with stripes, samples were placed

in a well and after the �rst scan is �nished the sample is turned by 90° and scanned

again (Fig. 4.22). If the stripes which appear horizontally in the �rst scan appear

vertically after a 90° turn the stripes are due to the structuring. If this is not the

case then the stripes are a product of the image acquisition.

Figure 4.22: The scan left was done with a scan diameter of 6 mm whereas the right
scan was done with a scan diameter of 4 mm. A 90° turn does not
create vertical stripes therefore the structuring is not responsible for
the stripes but more likely the lower spatial resolution of the device in
horizontal direction.

After a 90° turn of the samples the stripes remain horizontal. No measurement in

the MR setup ever produced vertical stripes in spite of more than 25 experiments

with dozens of samples conducted. It can be therefore concluded that the stripes

are due to the image acquisition process only. Seemingly the horizontal resolution

is lower than the vertical resolution since the space in between the squares with low

�uorescence can only be resolved vertically and not horizontally. An explanation

could be that the aperture for matrix-scan mode has not a square but a rectangular

shape. With the lowest scan diameter (2 mm) and highest matrix size (30× 30) the

maximum spatial resolution is not 67× 67 µm2 but rather 67× (67 + x) µm2. But,

for further experiments in context of the current work this is not an issue.

Besides the ability for �uorescent mapping of a sample, the MR device automatically

quanti�es the �uorescence as an average over the whole well, which allows compar-
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ison of the immobilization performance between di�erently prepared samples. The

e�ect of the structuring and the functionalization can be quanti�ed with this in

terms of resulting �uorescence intensity (Fig. 4.23).

Figure 4.23: Comparison between PBS standard, unstructured and structured
UNCD samples, with and without TFAAD functionalization. The av-
erage �uorescence is an arbitrary value referring to the standard.

The PBS standard has an average �uorescence of 2.100. An unstructured UNCD

sample incubated with GFP for 20 hours at constant mixing has a 6-fold increased

�uorescence with 13.000. If the surface is structured the �uorescence is further in-

creased 2-fold (25.000) and when the unstructured sample is functionalized with

TFAAD the �uorescence is increased 3.5-fold (44.000). If the surface is structured

and functionalized the �uorescence is 5.5-fold increased to 72.000 compared to the

unstructured surface and 11.5-fold increased compared to the PBS standard. With

these results it is con�rmed that both the functionalization and the structuring of

the sample have a bene�cial impact on the GFP immobilization performance.

Some issues with the average �uorescence have to be mentioned (Fig. 4.24). The

comparison of the average �uorescence is tainted because the cutting of the samples

has proven to be quite di�cult. With large samples of 1.5× 1.5 cm2 it can be to a
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certain degree ensured that the sample has the given size. With smaller samples this

is not the case. While cutting the sample a splinter is broken o� frequently, reducing

the area that is �t for functionalization. Lost area means lost �uorescence. Espe-

cially small di�erences in �uorescence are then harder to detect. Another problem

is the handling of the small samples with tweezers. The samples have to be trans-

ferred from the dish, where incubation is performed into the well plate. Sometimes

the samples are so delicate that they are damaged while handling them or they �ip

and fall on the table, which is not sterile. Contamination is therefore also a topic.

The tweezers are usually cleaned with ethanol between every sample but when the

sample is moved from the GFP dish to the well plate agglomerates of GFP can be

transferred as well. Of course these agglomerates increase the average �uorescence

making the results less trustworthy.

Figure 4.24: Known issues that can meddle with the average �uorescence values. A:
Agglomerates of GFP with high �uorescence mostly on the edges of
the sample. B and C: Samples with di�erent sizes. B is larger in size
than C with 4 stripes visible compared to 3 stripes. Both samples were
treated exactly the same but average �uorescence of C is 80 % of B.

With reducing the scan diameter these issues can be addressed. If the scan diameter

is small enough the agglomerates are maybe not in the scan area and the size of

the sample is less important when the scan size is smaller than the sample. That is

why the scans with the smallest scan diameter are usually the most reliable ones in

terms of average �uorescence acquisition.

Next, experiments were performed concerning the question if the GFP concentration

can be related to the resulting �uorescence. Samples were incubated in GFP solution

with concentrations of 10 µM , 1 µM , 100 nM , 10 nM and 1 nM (Fig. 4.25).
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Figure 4.25: Results for GFP cascade experiment. Top: Matrix scan and average
�uorescence of the wells with respective GFP concentration. Bottom:
Semi-logarithmic graph of the average �uorescence against the GFP
concentration.

The trend is clearly visible in the scans and the semi-logarithmic graph. With de-

creasing GFP concentration the �uorescence is also decreasing. At least in this

concentration range and the immobilization procedure no saturation of the surface

occurs. Incubation with GFP of the lowest concentration of 1 nM causes an av-

erage �uorescence more than twice as high as the PBS standard (8000 vs. 3500).

The aforementioned limitation about contamination and di�erent sizes of the UNCD

samples apply here as well. For the 10 µM matrix scan an GFP agglomerate can

be seen at the top edge of the sample, which increases the �uorescence accordingly.

Further experiments were performed to investigate if the hydrogen treatment im-

plemented in section 4.2.2 had an impact on the �uorescence intensity or not. For
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this, samples were compared, which got subjected to hydrogen treatment and sam-

ples that were prepared without the treatment. All other steps were left unchanged

(Fig. 4.26).

Figure 4.26: Treatment with H2 plasma is tested by MR matrix scans. A: Not struc-
tured, O2 etched without H2 treatment. B: Not structured, not etched
with H2 treatment. C: Not structured O2 etched with H2 treatment. D:
structured, O2 etched without H2 treatment. E: structured, O2 etched
with H2 treatment. F: as-grown.

Fig. 4.26 A-C shows samples that were not structured. Surprisingly, the sample that

was etched with oxygen plasma was the sample with the highest �uorescence (Fig.

4.26 A). The sample which was only treated with hydrogen plasma had the lowest

�uorescence (Fig. 4.26 B). The combination, �rst oxygen etching and afterwards

hydrogen treatment, showed intermediate �uorescence intensity. If the surface is

structured, the di�erence is more subtle. The structured sample without hydrogen

treatment has nevertheless the highest �uorescence (Fig. 4.26 D) and when hydro-

gen treatment is implemented the �uorescence is weaker (Fig. 4.26 E). It seems

that the hydrogen treatment has no bene�cial e�ect. Especially when the surface is

not structured, it is obvious that a hydrophilic surface is more attracting for GFP.

Perhaps the wettability is a more important feature at least for GFP immobiliza-

tion on unstructured surfaces. When the surface is structured, the di�erence is

131



4 Results and Discussion 4.2 Biosensor Platform

smaller. This raises the question what happens to the surface, when it is treated

with hydrogen plasma. Anticipated was an increased hydrogen termination �t for

photochemical reaction. Perhaps the hydrogen treatment with our recipe has an

adverse e�ect and causes graphitization. In XPS measurements it is visible that

the C1s peak is shifted to lower bindings energies after oxygen etching and further

after hydrogen plasma treatment. The shift is very small, approx. 100 meV after

each step (Fig. 4.27). Hydrogen should etch sp2 carbon preferably and the amount

should decrease, but the XPS implies otherwise. It should be noted that the XPS

measurements presented here are the aforementioned ones with suspected heavy

contamination (section 4.2.2).

Figure 4.27: Normalized C1s core spectra of an as-grown sample (black), after oxy-
gen etching (red) and after hydrogen treatment (green)

In summary in this matter, questions are still open but from empirical evidence it

was concluded that the hydrogen treatment is not bene�cial and was therefore not

used for further experiments. Accordingly, steps 9 and 10 in Fig. 17 are canceled.
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4.2.4 Fluorescence Studies on GFP Binding Proteins

The next step is the immobilization of antigen-binding proteins. GFP is chosen

as the antigen, which allows to use the microplate reader again for investigations

on the immobilization performance by �uorescence intensity. As mentioned in sec-

tion 3.3.2, three antigen-binding proteins are compared to each other. Instead of

incubating GFP for 20 hours the samples are incubated in antigen-binding protein

solution with a concentration of 1 µg ·mL−1 for this duration. It is followed by GFP

(10 µg ·mL−1) incubation for 10 minutes only and MR measurements shortly after.

Furthermore, washing steps with standard PBS are replaced by PBS with elevated

salt concentration (250 mM NaCl), since all antigen-binding proteins are stored in

solutions with higher salt concentrations. All MR measurements were conducted in

PBS (250 mM NaCl) as well.

Figure 4.28: Comparative experiments of GFP capturing out of solution with
nanobodies on unstructured and structured UNCD surfaces with and
without TFAAD functionalization. A: Unstructured without TFAAD.
B: Structured without TFAAD. C: Structured with TFAAD.

In Fig. 4.28 the matrix scans of GFP capturing experiments with nanobodies are

presented. The results are as expected with the lowest �uorescence intensity for

the unstructured samples without TFAAD (Fig. 4.28 A). Structured samples show

a substantial increase in �uorescence (Fig. 4.28 B), proving once more the impact

of structuring on immobilization performance. Both samples rely only on physical

adsorption for the immobilization of the nanobodies. The highest �uorescence in-

tensity is detected when the surface is structured and functionalized with TFAAD

(Fig. 4.28 C).
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Figure 4.29: Comparative experiments of GFP capturing out of solution with anti-
bodies on unstructured and structured UNCD surfaces with and with-
out TFAAD functionalization. A: Unstructured without TFAAD. B:
Structured without TFAAD. C: Structured with TFAAD.

The samples shown in Fig. 4.29 are functionalized with antibodies. The results

are rather unexpected and contrary to the results shown in Fig. 4.28. Here as well

is the unstructured sample the one with the lowest �uorescence (Fig. 4.29 A), as

expected, and the structured sample has a signi�cant higher �uorescence (Fig. 4.29

B). However, the sample with structuring and TFAAD functionalization (Fig. 4.29

C) has a lower �uorescence than the sample without TFAAD functionalization.

Figure 4.30: Comparative experiments of GFP capturing out of solution with
DARPins on unstructured and structured UNCD surfaces with and
without TFAAD functionalization. A: Unstructured without TFAAD.
B: Structured without TFAAD. C: Structured with TFAAD.

In Fig. 4.30 the samples that were functionalized with DARPins are depicted. These

are mostly a repetition of the results shown in Fig. 4.29. Here again the unstructured

sample is the one with the lowest �uorescence and this �uorescence is increased

when the surface is structured. But more important is that just like before when
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the sample is structured and functionalized with TFAAD the �uorescence decreases.

In summary of the �rst experiments with antigen-binding proteins it was shown

that nanobodies behave as expected. For any measure that is supposed to boost the

immobilization performance - structuring and functionalization - the �uorescence

increases. Antibodies and DARPins are di�erent. The di�erence to the earlier �uo-

rescence studies is of course that now two proteins are involved. The interpretation

of Fig. 4.28 seems to be fairly easy. A and B have physically adsorbed nanobodies on

the surface and C has covalently bonded nanobodies on it. The amount of nanobod-

ies is increasing when structuring is used and additionally TFAAD functionalization

is applied. More binding proteins translate to more captured GFP and a higher

�uorescence, respectively. In reality it is more likely that on a surface with both

structuring and functionalization covalently bonded proteins are present as well as

physically adsorbed non-covalently bonded ones. Both mechanisms are not com-

peting but rather complement each other, as long as both of them provide binding

sites (antigen-binding proteins) for the antigen. This is where the results of Fig.

4.29 and 4.30 come into play. There it is shown that with introduction of TFAAD

functionalization the �uorescence decreases. Following the assumption from above

it seems that binding sites are lost when TFAAD is involved, which implies that a

covalent bonding of the antibodies and DARPins cause inactivation and a binding

of GFP seems not to appear (either the binding site is impaired or maybe even de-

naturation occurred). Each covalently immobilized antibody or DARPin acts now

as a blocking protein for GFP binding with overall �uorescence decreasing.

The next experiments investigate the e�ect of blocking proteins as a way to saturate

the surface after antigen-binding protein immobilization. This way the physical

adsorption should be reduced and GFP capturing should be realized mostly by

antigen-binding proteins. Two blocking proteins are tested: bovine serum albumin

(BSA, 5 wt% in PBS) and milk powder, which consists mostly of the protein casein

(MP, 2 wt% in PBS). The blocking proteins di�er mainly in size with 66 kDa

for BSA and around 20 kDa for casein. After 20 hours incubation with antigen-

binding proteins the samples were washed and a 30 minute incubation with the

blocking proteins was performed. The following GFP incubation for 10 minutes was

left unchanged. The concentration of the antigen-binding protein and GFP were

changed to 5 µg ·mL−1.

135



4 Results and Discussion 4.2 Biosensor Platform

Figure 4.31: E�ect of blocker proteins on structured and unstructured UNCD sam-
ples. No TFAAD or antigen-binding proteins are involved. A1: un-
structured and no blocking protein. A2: structured and no blocking
protein. B1: unstructured with BSA. B2: structured with BSA. C1:
unstructured with MP. C2: structured with MP.

The impressions in Fig. 4.31 are quite striking. No TFAAD is used on any of

the samples and no antigen-binding protein as well. The samples are only able to

physically adsorb GFP within the 10 minutes of incubation under constant shak-

ing. When no blocking proteins are used GFP is still adsorbed on unstructured

UNCD surfaces in su�cient quantities to identify the shape of the sample in the

matrix scan (Fig. 4.31 A1). If structuring of the UNCD surfaces is involved, the

�uorescence is expectantly increased (Fig. 4.31 A2). Introducing blocking proteins

has a great e�ect on the detected �uorescence. Neither the unstructured UNCD

surfaces (Fig. 4.31 B1 and C1) nor the structured UNCD surfaces (Fig. 4.31 B2

and C2) have adsorbed a substantial amount of GFP. The average �uorescence of

these samples are not surpassing the �uorescence of the PBS standard (not shown

here), whereas the surfaces without blocking proteins surpass the average �uores-

cence of the standard with a factor of two for unstructured UNCD surfaces and

�ve for structured ones. There is no visible di�erence in the average �uorescence

when BSA or MP is used as blocking protein with both providing impressive results.
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Figure 4.32: E�ect of blocker proteins on structured and unstructured UNCD sam-
ples functionalized with nanobodies. A1: unstructured, no TFAAD
and with BSA. A2: unstructured, no TFAAD and with MP. B1: struc-
tured, no TFAAD and with BSA. B2: structured, no TFAAD and
with MP. C1: structured, with TFAAD and BSA. C2: structured, with
TFAAD and MP.

In Fig. 4.32 the results for samples functionalized with nanobodies are shown. Note

that in Fig. 4.32 A1, A2, B1 and B2 no TFAAD is used and the nanobodies were

only immobilized non-covalently by physical adsorption. In Fig. 4.32 C1 and C2

TFAAD is used and the nanobodies are covalently immobilized. The unstructured

samples in Fig. 4.32 A1 and A2 show almost no �uorescence in the range of the PBS

standard. In comparison A1 (with BSA) seems to have a faintly higher �uorescence

than A2 (with MP). This is even more evident in Fig. 4.32 B1 and B2 were the

structured samples are shown. Here B1 (BSA) has now a clearly higher �uorescence

than B2 (MP) as well, in spite of B2 showing a spot with very high �uorescence most

likely due to a contaminating GFP agglomerate. Highest �uorescence is achieved

when structuring and TFAAD functionalization act together, as seen in Fig. 4.32

C1 and C2. A subtle di�erence is visible with C2 having higher �uorescence than

C1 in comparison. From this it can be concluded that MP is the better choice as

blocker protein for nanobodies, preventing physical adsorption more e�ectively and

surfaces with covalently immobilized nanobodies show the highest �uorescence.
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Figure 4.33: E�ect of blocker proteins on structured and unstructured UNCD sam-
ples functionalized withDARPins. A1: unstructured, no TFAAD and
with BSA. A2: unstructured, no TFAAD and with MP. B1: structured,
no TFAAD and with BSA. B2: structured, no TFAAD and with MP.
C1: structured, with TFAAD and BSA. C2: structured, with TFAAD
and MP.

The results shown in Fig. 4.33 for samples functionalized with DARPin and treated

with blocking proteins are completely di�erent to those without blocking proteins

shown in Fig. 4.30. In contrast the samples in Fig. 4.33 A1, A2, B1 and B2,

which are not functionalized with TFAAD show similar results as the respective

samples with nanobodies in Fig. 4.32. A signi�cant reduction of �uorescence for

the unstructured samples in Fig. 4.33 A1 and A2 in the range of the PBS standard

is observed again. The structured samples in Fig. 4.33 B1 and B2 have a visible

�uorescence but it is much lower in direct comparison to those in Fig. 4.32 B1 and

B2. It is likely the case that the physically adsorbed DARPins are more a�ected by

the blocking proteins since the sample shown in Fig. 4.30 B was treated the same

way and reveals a profound �uorescence. The samples with structuring and TFAAD

functionalization in Fig. 4.33 C1 and C2 exhibit again high �uorescence, with C1

showing clearly the highest �uorescence. Therefore, BSA is the better choice, when

it comes to DARPins. MP may prevent physical adsorption of GFP better, but

a�ects the capturing capabilities of DARPins to some extent.
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Figure 4.34: E�ect of blocker proteins on structured and unstructured UNCD sam-
ples functionalized with antibodies. A1: unstructured, no TFAAD
and with BSA. A2: unstructured, no TFAAD and with MP. B1: struc-
tured, no TFAAD and with BSA. B2: structured, no TFAAD and
with MP. C1: structured, with TFAAD and BSA. C2: structured, with
TFAAD and MP.

Fig. 4.34 shows the samples that are functionalized with antibodies. Again, sam-

ples in Fig. 4.34 A1, A2, B1 and B2 are prepared without TFAAD, in contrast to

C1 and C2. Antibodies behave once again di�erently to the other antigen-binding

proteins. The unstructured samples in Fig. 4.34 A1 and B2 show a substantial �uo-

rescence four to �ve times higher than the PBS standard as if the blocking proteins

have no e�ect at all. Samples with structuring in Fig. 4.34 B1 and B2 show the

highest �uorescence. Structuring and TFAAD functionalization as shown in Fig.

4.34 C1 and C2 have yet again the contrary e�ect with a decreasing �uorescence in

comparison to the other antigen-binding proteins, con�rming the results shown in

Fig. 4.29. This substantiates the assumption that covalent immobilization renders

the antibody inactive or at least hamper its binding e�cacy. At least antibodies

that are immobilized by physical adsorption seem to work as the high �uorescence

in B1 and B2 let one suggest. Antibodies are mostly una�ected by the blocking

proteins, which is most evident when the �uorescence of the unstructured samples

with physical adsorbed antigen-binding proteins are compared (Fig. 4.32-4.34 A1
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and A2). This could be explained by the di�erence in size with antibodies being 10

times heavier than the arti�cial DARPins and nanobodies (150 kDa and 15 kDa,

respectively). The blocking proteins could bury more of the smaller antigen-binding

proteins, whereas the large antibodies and their antigen-binding sites are mostly still

accessibly for GFP, explaining the strong �uorescence on those samples.

To sum up these experiments, it could be shown that the blocking proteins work

as intended at least for the arti�cial DARPins and nanobodies. From the two in-

vestigated blocking proteins, MP seems to be the better choice for the nanobodies

and BSA for the DARPins. But the di�erences are subtle and overall these antigen-

binding proteins acted comparably with both blocking proteins. The results for

DARPins are especially interesting since the previous experiment revealed an unex-

pected result with the structured and TFAAD functionalized sample showing lower

�uorescence compared to the sample without TFAAD (see Fig. 4.30 B and C). This

was not the case now and the reason could be either the use of blocking proteins

or increased concentration of DARPins during incubation with the sample (from

1 µg · mL−1 to 5 µg · mL−1). Antibodies on the other hand are most likely not

suitable for the investigated purpose. From all results considered it is evident that

a covalent immobilization causes a drastic loss of capturing e�cacy against GFP.

A follow-up experiment was performed. The concentration of the antigen-binding

proteins during incubation was again reduced to 1 µg ·mL−1 and only one blocking

protein, BSA, was used since it was the favorable choice for DARPins.

Figure 4.35: Structured and unstructured UNCD samples blocked with BSA and
functionalized with nanobodies. A: unstructured and no TFAAD. B:
structured and no TFAAD. C: structured and with TFAAD.

140



4 Results and Discussion 4.2 Biosensor Platform

In Fig. 4.35 samples functionalized with nanobodies are shown, again with unstruc-

tured and structured samples without TFAAD functionalization (Fig. 4.35 A and

B) and structured sample with TFAAD functionalization (Fig. 4.35 C). Nanobodies

have performed in all experiments very well and also here they show that even with

lower concentration during incubation a su�cient amount of nanobodies is immobi-

lized on the surfaces and especially on the surface with TFAAD functionalization.

The blocking proteins are in�uencing the binding capabilities of physically adsorbed

nanobodies to a degree, which can be seen if Fig. 4.35 B and Fig 4.28 B are com-

pared, but nevertheless, a reliable capture of GFP can be ensured if the nanobodies

are covalently attached as seen in Fig. 4.35 C. These results are in full agreement

with the �ndings of the previous experiment and con�rm once again that nanobod-

ies are the best choice from all tested antigen-binding proteins.

Figure 4.36: Structured and unstructured UNCD samples blocked with BSA and
functionalized with DARPins. A: unstructured and no TFAAD. B:
structured and no TFAAD. C: structured and with TFAAD.

Samples shown in Fig. 4.36 are functionalized with DARPins and it becomes clear

that DARPins compete with blocking proteins. When treated with BSA, unstruc-

tured and structured surfaces shown in Fig. 4.36 A and B that rely on physical

adsorption show lower �uorescence in comparison to samples that were not treated

with BSA (Fig. 4.29 B). If covalent immobilization is used the result is better but

still not in the range of the �uorescence exhibited from nanobody functionalized sur-

faces. To achieve a stronger �uorescence a higher concentration during incubation is

necessary as seen in Fig. 4.33 C1 and C2. In direct comparison DARPins are inferior

to nanobodies, more susceptible to hampering by blocking proteins and therefore re-

quire higher incubation concentrations to produce comparable �uorescence by GFP

capturing.
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Figure 4.37: Structured and unstructured UNCD samples blocked with BSA and
functionalized with antibodies. A: unstructured and no TFAAD. B:
structured and no TFAAD. C: structured and with TFAAD.

For antibody functionalized surfaces all previous �ndings are consistent with the

results shown in Fig. 4.37. The covalent immobilization causes inactivation of

antigen-binding capabilities and blocking proteins in�uence antibodies the least of

all tested antigen-binding proteins. For the purposes of this work the antibodies are

not suitable.

In summary of this experiment, it was concluded that nanobodies are indeed the best

choice for further endeavors. Classical antibodies were declared not suitable since

covalent immobilization is clearly decreasing the capturing e�cacy signi�cantly.

DARPins can produce similar results to nanobodies but require higher concentra-

tion because they are more in�uenced by blocking proteins. Hence, nanobodies are

favored due to their performance, but also from an economic point of view, being

able to produce good results with relatively small amounts and being the cheapest

of all purchased antigen-binding proteins.

Up next an experiment was conducted to test the sensitivity of the functionalized

UNCD surfaces to GFP, which was captured out of solutions with di�erent concen-

trations. Basically, the same experiment as seen in Fig. 4.25 but with immobilized

nanobodies that capture the GFP out of PBS solution instead of direct immobiliza-

tion of the GFP on TFAAD functionalized surfaces. The surfaces were structured,

functionalized with nanobodies (1 µg ·mL−1) and treated with BSA (5 wt%) prior

to exposure to the GFP solutions. Samples were exposed for 10 minutes to seven

di�erent concentrations: 1 µM , 100 nM , 10 nM , 1 nM , 100 pM , 10 pM and

1 pM . The results are shown in Fig. 4.38. In the range of 1 µM to 1 nM a linear
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relation can be seen, which is in agreement with the results shown in Fig. 4.25.

However, below 1 nM down to 1 pM a saturation is observed. All GFP concen-

trations below 1 nM generate �uorescence beyond the average �uorescence of the

PBS standard (15-20.000 and 3.000, respectively, �ve to six times higher), but they

are not distinguishable anymore. Especially in the low concentration region the

size of the samples matter and therefore the area of functionalized surface. Until

guaranteed that the samples have the same size and that on the surface the same

area is functionalized, determination of the concentration will not be possible. This

starts already with the used mask to de�ne the squares, which ranges in side length

between 480 µm and 540 µm. E�ectively the smallest square has only 80 % of

the area that can be structured and functionalized compared to the largest square.

To achieve better comparability between each sample and to ensure equal sizes of

functionalized surface area and of the samples, a new photolithography mask is nec-

essary and preferably a device that is able to cut samples with micrometer precision.

Figure 4.38: Results for GFP cascade experiment on UNCD surfaces functionalized
with nanobodies. Top: Matrix scan and average �uorescence of the
wells with respective GFP concentration. Bottom: Semi-logarithmic
graph of the average �uorescence against the GFP concentration.
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4.2.5 Conclusions and Outlook on Biofunctionalized UNCD

The initial aim of this work on biofunctionalized UNCD surfaces was fueled by the

desire to monitor the time-resolved release of certain molecules from a tissue sam-

ple and ultimately from individual cells. It became clear that this matter is quite

di�cult to realize, since the use of diamonds and UNCD in particular as bio-sensing

platform is scarce in literature as shown in section 2.5.2. Most applications of di-

amond biosensors rely on impedance as transducer, which requires relatively small

amounts of binding proteins on the surface. Other transducers, for example optical

or electrochemical transducers require larger amounts of binding proteins to capture

enough of the target molecule in an analyte solution to produce a quanti�able signal.

Since we did not wanted to focus on any speci�c type of transducer we aimed for a

more open and basic approach to increase the performance of UNCD as a biosens-

ing platform. Therefore, the main focus in this work was to increase the amount of

immobilized binding proteins on UNCD as our material of choice.

We investigated established immobilization routes (EDC/NHS, Glutaraldehyde and

GOPTS) used to functionalize diamond particles and found that those routes are not

suitable for diamond thin �lms. A photochemical route (TFAAD) known from liter-

ature was tested, which was proven to be working on diamond �lms and especially

UNCD. The resulting immobilization e�cacy of GFP was quite low and a good por-

tion of the research for this work was appointed to �nd a way to increase the amount

of immobilized GFP. This was achieved by nanostructuring of the surface with dia-

mond wrinkles and numerous �uorescence studies, where we could show that both

non-covalent and covalent immobilization can be heavily increased on structured

and TFAAD functionalized surfaces. The immobilization scheme was transferred

from GFP to binding proteins against GFP and experiments were performed to

look into the important topic of how the immobilization procedure may or may not

in�uence the functionality of immobilized binding proteins. Three antigen-binding

proteins were tested. Conventional antibodies failed to provide su�cient immobi-

lization when covalently immobilized. The remaining two binding proteins were of

arti�cial nature. DARPins and nanobodies have shown similar promising results,

but nanobodies were more e�cient in both performance and from the monetary

point of view. At the end of this work a protocol can be provided that signi�cantly

improves the e�cacy of protein immobilization on UNCD in general and antigen
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binding proteins in particular. The complete protocol of UNCD surfaces function-

alized with nanobodies is shown in the following (Fig. 4.39).

Figure 4.39: Complete production �ow for nanobody functionalized UNCD surfaces.
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With this procedure established, future developments can target further to realize

a UNCD biosensor for time-resolved detection of a target molecule. The issues

encountered during the performed experiments on concentration cascade of GFP are

a matter of available equipment and not concept. If the samples can be prepared

in such a way that they all have the same functionalized area, the relation between

the amount of target molecules and the resulting average �uorescence should be

more reliable. Another major issue is the contamination when handling the samples

during the individual incubation steps. Two things have to be addressed. Firstly,

what kind of transducer is used, which is a question of what kind of fusion proteins

can be made for a certain target (a speci�c binding protein fused with a reporter,

for example, a �uorescent protein or an enzyme that produces a colored product).

Another approach would be the use of impedance measurements that would require

to use conductive boron-doped UNCD. This should not be a problem, because the

production steps shown in Fig. 4.39 should also be applicable for boron-doped

UNCD. Secondly, how can a time-resolved detection be realized. This is an issue

that can perhaps be solved by the design of a lab-on-chip (LOC). The most basic

principle of a biosensor is the speci�c capturing of a target molecule, which is done

in our case with binding proteins immobilized on UNCD. The detection is reported

with a second binding protein fused with a reporter. The signal strength of the

reporter correlates with the amount of target molecules. However, when the surface

was used once it is not usable for another detection attempt. The speci�c binding of

the binding protein to a target molecule is facilitated by weak interactions but in all

practicality it is irreversible without destroying the binding protein. A new surface

has to be used and this is where a LOC design may be the answer, which distributes

analyte solution via microchannels to sensor �elds. Those can be prepared with small

dimensions and therefore a chip can contain dozens of sensor �elds that can be used

subsequently. This way a time-resolved detection can be realized. With UNCD a

material is available that additionally allows long-term incubation of tissue samples.

In combination that would be a starting point for the development of a LOC where a

tissue sample is incubated for a certain period of time, the supernatant is frequently

transferred to sensor �elds and analyzed while the sample is washed and incubated

again. All of this can be pretty much realized by simply controlling the �ow of

nutrition/analyte �uids in a microchannel system. An intriguing thought but also

an ambitious one.
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Diamond thin �lms have been researched for their biological application for decades.

Especially UNCD has shown an inherent compatibility with all kinds of biological

entities like biomacromolecules and living cells. By the means of manipulation of the

surface topography, surface chemistry and combination with other materials those

properties can be tailored and heavily in�uenced. In this work two possible applica-

tions of UNCD were investigated and how certain traits can be ampli�ed to achieve

better results. The �rst one is the implementation of silver into UNCD �lms to

provide antibacterial properties for the application as implant coating. The second

application is the improved functionalization of UNCD �lms with binding proteins

that are able to speci�cally bind a target molecule.

Silver is known for its antibacterial properties for ages. Later it was found that not

silver in elemental form is the antibacterial agent but the silver ions are responsible.

In recent years it gained new found interest by combining silver with other materials

to lend these antibacterial properties to them. Implant coatings are interesting since

typically a major surgery is necessary for implantation, which always has a risk for

bacterial infection. UNCD as an implant coating is to begin with a good idea because

it was shown that cells adhere readily on UNCD surfaces which would be helpful to

achieve a good osseointegration. UNCD combined with silver could intervene in the

early phase of an infection caused by bacteria. Literature concerning this issue is

dominated by the implementation of silver into diamond-like carbon (DLC) �lms.

Carbon �lms with a crystalline diamond phase were so far not a topic. Therefore,

UNCD �lms were prepared with silver nanoparticles included. The preparation of

those UNCD-silver �lms was developed and in detail explained in a previous work.

In the current work the focus was on the investigation of the �lm composition, the

release of silver ions and the test of its antibacterial properties against two kinds of

bacteria.
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With AES it was possible to investigate the �lm composition. The depth pro�le

created by repeated sputtering and subsequent measuring con�rmed the size of the

particles to be around 50 nm, which is in good agreement with previous �ndings

by AFM. It was also found that a capping layer deposition of only 5 minutes is not

enough to enclose the silver nanoparticles completely since silver was present in large

amounts on the surface with the nanoparticles only partially covered. To achieve full

coverage at least 10 minutes of deposition is necessary. The samples were submerged

in water for 7 days at 37 °C to look into the silver ion release. The water samples

were investigated with ICP-MS, which revealed an increasing level of silver in the

water correlating with decreasing layer thickness. This �nding con�rmed that the

thickness of the capping layer can be in fact used to control the release of silver into

the surrounding environment to a certain degree. The dynamics of the silver release

are very important in the context of an implant coating. Silver is not only a�ecting

potentially harmful bacteria but also the cells that are important for integration

of the implant into the surrounding tissue. An initial burst like release of silver

and following complete halt of the release would be the most advantageous release

dynamic. An experiment to look into the dynamics of silver release from UNCD-

silver �lms would be a good addition to the presented results here. The samples were

tested for their antibacterial properties against two bacteria: E. coli and B. subtilis.

B. subtilis has shown to be the more vulnerable of the bacteria tested. After 3 hours

all bacteria were killed by the sample with partially embedded silver nanoparticles

whereas 80 % were killed on the UNCD surface with fully embedded nanoparticles.

After 5 more hours (8 hours in total) the sample with fully embedded nanoparticles

was also able to kill all bacteria and provide a bacteria-free environment. E. coli

was harder to deal with. The sample with partially embedded silver nanoparticles

was able to eradicate all bacteria after 24 hours. The sample with fully embedded

nanoparticles was not able to kill all bacteria but only 80 % after 24 hours. The ever

increasing antibacterial e�cacy indicates that silver is constantly released from the

UNCD surface within the 24 hour time period the assay was performed. Otherwise

the bacteria would have been recovered and the antibacterial e�cacy would have

decreased. All results considered it can be concluded that UNCD-silver �lms can

be prepared with the capping layer thickness working as a controlling mechanism

for the silver release. The �lms have shown a profound antibacterial e�cacy against

both tested bacteria.
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The main part of this work was the investigation on UNCD and its application

as a biofunctionalized platform for sensing purposes. The versatile surface chem-

istry and possibility to introduce functional groups to the surface with relative ease

makes it a promising platform for functionalization. Additionally, UNCD is inert

to most reactants, making it interesting for bioapplications in general. Diamond

can be functionalized with established coupling routes of which three were tested:

EDC/NHS route, glutaraldehyde and GOPTS. The former two have shown to work

on diamond particles, the latter was used on silicon, which has a similar surface

chemistry as diamond. Experiments were conducted with di�erent concentrations,

starting surface terminations and reaction conditions to immobilize GFP on the

UNCD surface but all of the established routes failed to produce a detectable �u-

orescence beyond the background �uorescence. A route modi�ed from literature

including a photochemical reaction was introduced since it was suspected that func-

tional groups on thin �lms are perhaps not reactive enough and a more energetic

approach should be tried. With this route a �uorescence was �nally detected that

could be distinguished from the background. However, the �uorescence was weak

and a substantial part of the work was to increase the �uorescence by structuring of

the surface. After some trials a process for structuring was established using a gold

macro- and micromask formed by RTA treatment resulting in a irregular structured

surface (dubbed as diamond wrinkles). In combination with the functionalization

with TFAAD a 5.5-fold increase of the �uorescence was reliably obtainable. The

�uorescence has shown to be dependent on the concentration of the GFP solution,

which gave some idea that determination of the concentration of a certain molecule

may be possible. With the immobilization process for GFP established, experiments

were started with binding proteins. Three kinds of binding proteins were tested, all

of them against GFP so we could still use �uorescence as our measuring quantity.

The proteins were in detail a conventional antibody, a nanobodies and a DARPin.

The �rst insight of the experiments was that physical adsorption was a problem and

to increase the speci�city of the �uorescence, blocking proteins were introduced. It

was also revealed that the antibody is most likely losing its binding capabilities when

covalently immobilized. DARPins and nanobodies are capable to produce similar

results with good �uorescence but DARPins need signi�cantly higher amounts for

this. Therefore, nanobodies were chosen as the best option, at least for GFP de-

tection. On the downside, it became clear that for the purpose of detecting small

149



5 Summary

amounts it is necessary to produce samples with equal sizes to achieve comparable

signals that allow quanti�cation. A protocol for the production of structured and

nanobody functionalized UNCD surfaces was developed. Of course, adaption for a

certain target molecule has to be done but the basis for a full-�edged UNCD-based

biosensor is given.

Both of the potential applications for UNCD investigated in this work remain to

be very promising due to the additional novel results presented here. They are a

testament for the versatility diamond is known for and justify ongoing research on

this truly special material in the biological context.
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Appendix

Table 5.3: RTA treatment regime (with rt=room temperature) for silver particles
and gold micromask creation.

Step Time [s] Temperature [°C ] N2 �ow [sccm]

Hold 60 rt 30000

Ramp 90 rt to 650 10000

Hold 600 650 10000

Ramp 300 650 to rt 30000
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Table 5.4: UNCD etch recipe. A cleaning step was always executed prior to etching,
followed by a conditioning step of the etch recipe for �ve minutes executed
without sample.

Name "O2 cleaning" "Diamond UNCD etch"

Table Height 30 mm 30 mm

Temperature 30 °C 30 °C

Gas O2 O2

SF6

Gas Flow 40 sccm 10 sccm

10 sccm

Pressure 20 mTorr 5 mTorr

ICP Power 1000 W 1000 W

CCP Power 100 W 200 W

Duration 45 min 5 min (conditioning)

45 s (etching)
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Figure 5.1: Images of LB-agar plates used for antibacterial e�cacy tests with E. coli
(top) and B. subtilis (bottom). (Reprinted with permission from [213])
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Figure 5.2: Plan for immobilization experiment of GFP with EDC/NHS and
GOPTS.
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Figure 5.3: 1H-NMR of TFAAD in CDCl3 (solvent peak at δ 7.24 ppm). The chem-
ical shift δ (in ppm) and coupling complexes of TFAAD according to
[274] are: 6.9 (broad singlet, 1 H, NH), 5.7 − 5.9 (multiplet, 1 H, CH),
4.9−5.1 (multiplet, 2 H, CH2), 3.33 (quartet, 2 H, NCH2), 2.03 (quartet,
2 H, CH2), 1.58 (quartet, 2 H, CH2), 1.2 − 1.4 (multiplet, 10 H, CH2).
All seven peaks can be attributed to TFAAD in its protected form. The
characteristic signal for the deprotected amino group is missing: 2.67
(triplet, 2 H, NCH2).
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Figure 5.4: 13C-NMR of glutaraldehyde (25 % aq.) in D2O. The complexity is
at �rst surprising since the symmetrical glutaraldehyde has only three
distinguishable carbon atoms. But in aqueous solution �ve isoforms are
known in di�erent states of hydration and in cyclic hemiacetal form.
The latter being the main presence of glutaraldehyde in 25 % aqueous
solutions. All peaks can be attributed to glutaraldehyde according to
[234].
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Figure 5.5: XPS survey spectra and elemental composition after di�erent steps in
the structuring and immobilization process. As-grown sample (1.), after
structuring without (2.) and with (3.) hydrogen plasma treatment, after
TFAAD functionalization (4.), after TFAAD deprotection (5.) and after
GFP immobilization (6.).
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